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ABSTRACT
The overall objective of this research is to develop the microstructure of metallic
lightweight materials via multiple advanced processing techniques with potentials for
industrial utilization on a large scale to meet the demands of the aerospace and
automotive sectors. This work focused on (i) refining the grain structure to increase the
strength, (ii) controlling the texture to increase formability and (iii) directly reducing
processing/production cost of lightweight material components. Advanced processing is
conducted on a bulk scale by several severe plastic deformation techniques including:
accumulative roll bonding, isolated shear rolling and friction stir processing to achieve
the multiple targets of this research. Development and validation of the processing
techniques is achieved through wide-ranging experiments along with detailed mechanical
and microstructural examination of the processed material.
On a broad level, this research will make advancements in processing of bulk
lightweight materials facilitating industrial-scale implementation. Where accumulative
roll bonding and isolated shear rolling, currently feasible on an industrial scale, processes
bulk sheet materials capable of replacing more expensive grades of alloys and enabling
low-temperature and high-strain-rate formability. Furthermore, friction stir processing to
manufacture lightweight tubes, made from magnesium alloys, has the potential to
increase the utilization of these materials in the automotive and aerospace sectors for high
strength - high formability applications. With the increased utilization of these advanced
processing techniques will significantly reduce the cost associated with lightweight
materials for many applications in the transportation sectors.
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Chapter 1 – Introduction

CHAPTER 1 - INTRODUCTION

1.1– Motivation: Light Weighting and Lightweight Materials
Lightweight materials, with high strength-to-weight ratios, are of interest in the
transportation sector (automotive and aerospace), where fuel economy and the reduction
of emissions is an ever growing concern. In fact, the use of lighter materials and
reduction of parts is a concept that has existed since the creation of automobiles and
aircraft, yet much of the implementation has occurred over the past few decades [1]. In
reality, the average vehicle weight has steadily increased since the early 1980’s due to
higher safety regulations and in-vehicle technology [2]. It is well known that the single
heaviest component of a passenger vehicle is the body structure (comprising of ~30-40%)
[3, 4], thus, it has the most potential for significantly reducing the vehicles mass. It is
estimated that a 10% reduction in an automobiles mass will result in a 7% reduction in
fuel consumption [3, 5], and two to five times that for aircraft with a similar percent
decrease in mass. Therefore, to achieve such a reduction in mass, the addition of more
lightweight materials must be implemented. Potential lightweight materials include
advanced high-strength steels, aluminum alloys, magnesium alloys, titanium alloys and
composites. Most lightweight materials, however, are either expensive and/or energy
intensive to manufacture today, as compared to mild steel. Thus, to increase the use of
these materials, it is important to reduce the cost associated with them. An approach for
achieving this problem is through advanced processing, to introduce less expressive
alloys and reduce the manufacturing cost through controlling the microstructure.
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1.2– Processing for Enhancing Properties
Processing of lightweight metals to enhance the mechanical properties can be
achieved by either “bottom-up” assembly of atoms, molecules or powders into a bulk
material, or the “top-down” approach that starts with a bulk solid that is further processed
to obtain the desired properties. (1) The bottom-up method consists of inert gas
condensation (IGC) [6], high-energy ball milling [7] chemical vapor deposition (CVD)
[8], physical vapor deposition (PVD) [9] and consolidation of powders; by hot or cold
isostatic pressing (HIP and CIP) [10, 11]. Even additive manufacturing [12, 13] can be
considered a bottom-up technique. However, the deposition techniques are only viable for
producing thin films or coatings and the consolidation methods are extremely timeconsuming for the high-production-rate automotive sector and limited in the aerospace
industry where ductility is not required. (2) The top-down approach, on the other hand,
processes material on a macroscale, leading to large quantities that are relatively
inexpensive. Therefore, the top-down approach is more feasible for processing of
lightweight materials, which can meet the demand of the transportation sector and the
desired mechanical properties. The key reason to the success of this approach is the fact
that it starts with a conventional bulk material (such as: rods, sheets and plates) and that it
is processed by conventional deformation techniques (including: extrusion, forging and
rolling). This approach develops very large plastic strains within the material through
deformation to alter the structure and, thus, termed severe plastic deformation (SPD).

2
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1.3– Severe Plastic Deformation
The main goal of SPD techniques is to achieve significant grain refinement in the
material resulting in augmented strength, typically following the Hall-Petch relationship
[14, 15]. During processing, intense plastic strains are developed resulting in dislocation
structures that reorganize to form network cells, subgrains and high-angle grain
boundaries (HAGB) that causes progressive grain refinement [16]. Typical SPD
techniques include equal channel angular pressing (ECAP) [17-22], high pressure torsion
(HPT) [23-26], accumulative roll bonding (ARB) [27-31] and others such as: hydrostatic
extrusion (HE) [32, 33], twist extrusion (TE) [34], cyclic extrusion-compression (CEC)
[35], multiple forging (MF) [36], repetitive corrugation and straightening (RCS) [37],
ECAP-conform [38], differential speed rolling (DSR) [39-42], and friction stir processing
[43-45]. Such SPD processing techniques show very promising results for increasing the
strength of low cost alloys to levels comparable to that of its high cost alloy counterpart.
For example, Ti-6Al-4V, a relatively expensive aerospace grade titanium alloy (due to the
addition of alloying elements), could potentially be replaced with the less expensive
commercially pure titanium (CP-Ti) strengthened by grain refinement, demonstrated by
the strength levels achieved in literature [22, 24, 25, 29, 30, 46]. Increasing the strength
of CP-Ti would lead to further applications in the aerospace and defense industries, and
higher potentials for titanium to penetrate the cost-sensitive automotive sector. In addition
to increased strength, materials with a fine grain structure imply enhanced formability
through the promotion of grain boundary sliding. Furthermore, processing by SPD has

3
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been conducted over a wide range of lightweight materials, including: aluminum [47-58],
magnesium [59-68] and titanium [69-71] based alloys.

1.3.1 – Severe Plastic Deformation Issus
By reviewing efforts on SPD in the literature, regardless of the targeted material,
one notes the greater focus on HPT and ECAP [72, 73]. Though these two techniques
have been repeatedly shown to cause significant grain refinement in the processed
material, they are also known to be very limited in practical applications, since the size
and form of the generated specimens inhibits their use in components where the unique
properties of the processed materials are most valuable. Most critically, these techniques
are not common deformation processes in industry and, thus, require a large investment
to process materials by such. Whereas, ARB uses conventional “rolling” technology that
is widely used by industry. Furthermore, all SPD techniques have been used to process a
variety of lightweight alloys, however, limited efforts focused on titanium alloys,
especially for sheet products.

DSR and HRDSR are continuous processes that typically require one rolling pass
to achieve unique properties in the processed material, most importantly “texture
control”. In spite of that, these processes require a special rolling mill with two drive
motors, thus imposing a major limitation for current rolling facilities. Finding an
alternative processing technique with similar technical abilities yet easier industrial
applicability would have significant implications.

4
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In regards to FSP techniques, current forms are confined to the sheet form, and
still have very limited practical applications. Recently-developed forms, such as friction
stir axisymmetric forging and back extrusion, promise unique means to produce near-netshape

components

with

refined microstructures

[74].

Full

understanding

of

microstructural evolution and textural changes during these processing forms are yet to
be fully explored.

1.4– Research Objective and Significance
The overall objective of this work is to advance SPD techniques for the
processing of lightweight materials, for greater utilization in the transportation sector.
This work will focus on “practicality”, with the grander vision to take SPD techniques
from the laboratory to the industry. The overall approach will begin by focusing the
attention on those existing SPD techniques with the greatest potentials, and further
developing them by introducing alterations and changes to improve their material
processing merits (grain refinement and texture control abilities) and ease of industrial
utilization.

This objective will be achieved through a systematic experimental investigation as
follows:
a) Determining the effectiveness of warm accumulative roll bonding of CP-Ti sheets.
Warm processing brings some practical advantages, especially if processing on an
industrial level is to be considered. Warm processing, versus cold processing, implies

5
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lower flow stresses in the material and thus smaller rolling forces, which might be
critical for processing larger sheets. Therefore, this work will investigate the
microstructural evolution and the corresponding changes in properties in CP-Ti sheets
processed by warm ARB at elevated temperatures and compared to those processed at
room temperature.

b) Determining the effects of warm accumulative roll bonding and post-process thermal
treatments on the microstructure and mechanical properties. Therefore, to explain the
roll of processing parameters on the resultant material for further optimization of
ARB and post-processing treatments. This will be carried out by processing at
selected temperatures followed by various post-process thermal cycles.

c) A new approach for controlling the texture of rolled sheets via isolation of shear
strains will be developed and investigated. This new approach, termed “Isolated Shear
Rolling” (ISR), is similar in concept to that of DSR, however, does not require special
rolling facilities, thus allowing industry to process lightweight materials by this
technique without costly investments. Microstructural evolution and textural changes
of CP-Ti due to processing by ISR will be investigated and compared to DSR.

d) Friction stir back extrusion (FSBE) of magnesium alloys will be investigated by
analyzing the process and its effectiveness, microstructural evolution with its
relationship to the mechanical performance. This work will also investigate the

6
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homogeneity of the structure when processing tubes with various wall thicknesses. It
will also quantify grain refinement and its stability during processing, and explore
any possible changes to the texture of the material due to processing. The findings
from this work will enhance the understanding of this processing technique and
demonstrate its potential, thus possibly increase the utilization of magnesium and
aluminum alloys in the automotive sector.

1.4.1 – Grain Refinement of Titanium through ARB
The focus will be directed here to titanium sheets processed via accumulative roll
bonding. Of all SPD techniques, the rolling-based ones have the highest potentials to
produce sheets on a large-scale, and ARB is one of the most attractive. ARB, recently
developed by Saito et al. in 1998 [27, 75], promises a more favorable SPD approach for
bulk production of sheets for industrial applications (Figure 1.1). The technique aims to
synthesize ultra-fine grained (UFG) and nanocrystalline (NC) structures with prevailing
high-angle grain boundaries in metallic materials through an inexpensive and industrially
feasible manner. What gives ARB the edge over other highly-capable rolling-based SPD
techniques, such as DSR, is the fact that it utilizes a conventional rolling mill with no
modifications. ARB has been shown to be very effective in terms of grain refining
capabilities, no less than HPT and ECAP [29].
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Figure 1.1: Schematic of the accumulative roll bonding technique.

Recently there has been a push in the transportation industry to reduce the
forming time and temperature associated with lightweight materials. Increasing the
forming time is very attractive for mass production applications (especially for Mg and
Al alloy parts in the automotive sector), and lowering the forming temperature reduces
energy cost and prolongs tooling life of the forming dies (especially for Ti forming for
aerospace applications). The key to achieving the latter is to strengthen the role of the
third parameter that dictates formability (grain size), and that means the pursuit of “grain
refinement” [17, 72, 76, 77].

Commercially pure titanium grades are the second most important class of
titanium alloys (just behind titanium grade 5), accounting for ~20% of its total production
[78]. Though they lack the strength of Ti-6Al-4V, they are often selected for their
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excellent corrosion resistance. Typically, CP-Ti does not show superplastic behavior at
temperatures lower than ~800 °C, mainly due to rapid grain growth and cavitation [79];
its superplastic behavior at higher temperatures is not significant [78]. Despite that, recent
preliminary results by Semenova et al. 2008 [80] suggest that CP-Ti can achieve
superplasticity at reasonably low temperatures, provided that the microstructure is refined
significantly. Superplasticity of CP-Ti has been completely overshadowed by that of Ti6Al-4V; but such results hint to great potentials that can be attained with CP-Ti, thus it
will be considered here.

1.4.2– Controlling the Texture of Titanium through ISR
Recent SPD techniques have been developed to control the texture of the material
along with grain refinement, such as: differential speed rolling (DSR) and high ratio
differential speed rolling (HRDSR) [39-42]. These techniques shear the material to align
the basal pole along the rolling direction in hexagonal close packed (HCP) materials
(including Mg and Ti alloys) and, thus, aligning the primary slip system along the main
plane of deformation during sheet forming operations. Therefore, advanced processing by
SPD can control grain size and texture of the processed material, resulting in a reduction
of the forming temperature with high production rates that significantly lower the costs
associated with forming of titanium alloys [81, 82].

Therefore, developing an effective means to achieving intense shear strains in the
material that is equivalent to DSR, yet with the use of a conventional rolling setup is
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desired. The approach is referred to here as isolated shear rolling (ISR), which is derived
from ARB with two prime differences: (i) it is a continuous process confined to a single
processing cycle and (ii) there is no bonding between the sheet layers. In ISR, shown
schematically in Figure 1.2, the non-homogeneous shear deformation across a multilayered sheet stack is promoted by reducing friction at the sheet interfaces, thus
concentrating most of the redundant shear deformation within the outer sheet layers. It is
hypothesized that this will induce further grain refinement that would hence enhance the
mechanical properties of the processed material. Moreover, it is also hypothesized that
the concentrated shear strains will impose desirable changes to texture and related
properties, such as stretch formability, in a manner similar to that observed in DSR.
Testing and validating these hypotheses will be addressed in this work.

Figure 1.2: Schematic illustration of the isolated shear rolling process and showing the
resultant shear distribution within the material.
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1.4.3– Grain Refinement and Controlling the Texture through FSBE
Friction stir processing (FSP), a SPD technique that was derived from friction stir
welding (FSW), is a method that generates extreme heat to soften the material allowing
for severe stirring action that refines structure. Typically, this technique uses a tool that
traverses linearly across a single sheet/plate to process the material and, thus, requires an
additional step increasing the cost over conventional material. As stated earlier, the key to
the success of SPD techniques is that it uses typical deformation techniques, whereas
linear FSP is not that and, thus, not practical for processing large quantities of
sheets/plates that could be used in the automotive sector. Just recently, however, FSP was
integrated with a conventional extrusion process to form tubes, and termed friction stir
back extrusion (FSBE), shown schematically in Figure 1.3. FSBE has great potential for
industrial applications to reduce the cost of manufacturing tubes out of lightweight
materials, due to the heat generation during processing. The material to be extruded does
not require pre-heating and reduces the forces necessary to form the final product.
Moreover, the severe stirring action during processing refines the structure and rearranges
the texture that may improve the formability of the tubes for such applications as
hydroforming, which may lead to increased use of Mg tubes in the automotive sector.
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Figure 1.3: Schematic of the friction stir back extrusion process.

1.5– Dissertation Layout
Chapter 1 of this dissertation provides a brief background to light-weighting,
lightweight materials and advanced processing, which set the motivation and objective of
this work.
The following dissertation is split into three main parts based on the focus of the
processing technique:


Part-I: Grain Refinement



Part-II: Texture Control



Part-III: Grain Refinement and Texture Control
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Part-I focuses on grain refinement to enhance the strength of CP-Ti through the
processing technique accumulative roll bonding. This part is further split into chapters:
Chapter 2 – Grain Refinement: ARB, Chapter 3 – Modeling Tensile Strength: ARB and
Chapter 4 – Effect of Warm Processing and Post Process Thermal Treatment: ARB.
Chapter 2 provides an detailed analysis of microstructural evolution and its relationship
to mechanical properties after processing CP-Ti through warm ARB. Chapter 3 entails a
modeling approach to predict the resultant tensile strength of materials processed by
ARB. This model is first developed through the data obtained in Chapter 2 and then
validated with other materials processed by ARB provided in literature. The final chapter
in Part-I, Chapter 4, examines the effects of selected processing temperatures and post
process thermal treatments on resultant microstructural evolution and mechanical
properties to further enhance the strength of CP-Ti.

Part-II focuses on controlling the texture of CP-Ti to enhance the formability
through a newly develop processing technique called Isolated Shear Rolling. In Chapter
5 – Texture Control: ISR, this technique is analyzed through evaluating the resultant
microstructural evolution, its relationship to mechanical properties and following post
process thermal treatments to further enhance its formability. This technique is also
compared to existing techniques, such as differential speed rolling, to evaluate its
effectiveness.
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Part-III focuses on combining grain refinement and texture control into one
processing technique to enhance both strength and formability. This is done by utilizing
friction stir phenomenon that significantly reduces the resultant grain size and inducing
intense shearing of the material that changes the texture that can then be used to its
benefit. In Chapter 6 – Grain Refinement and Texture Control: FSBE, friction stirring is
combined with an existing manufacture technique to form tubes, back extrusion, thus
friction stir back extrusion. FSBE is performed on magnesium alloy that has a similar
crystalline structure as CP-Ti and, thus, the grain size and texture can be controlled. This
chapter is further divided into three sections: Section-I: Evaluation of the FSBE process,
Sections-II: Evaluation of Microstructure, and Section-III: Mechanical Properties and
Performance.

Finally, Chapter 7 concludes the dissertation by providing concluding remarks
and importance and contributions of this body of work.
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PART-I
CHAPTER 2 – GRAIN REFINEMENT: ARB

Accumulative Roll Bonding (ARB), a severe plastic deformation technique, was
used in this study to process commercially pure titanium (CP-Ti) at 450 °C. Sheet
samples were processed by seven consecutive ARB cycles, with an overall equivalent
strain of 5.6. Mechanical characterization and microstructural examination were carried
out on the processed material to track their changes and relationships with regard to one
another. Electron microscopy, TEM in particular, revealed significant grain refinement in
the material, with submicron microstructure achieved even after one cycle of warm
processing. Further processing was shown to progressively fragment the highly elongated
grains, ultimately producing a predominantly-equiaxed ultrafine grain structure with an
average grain size of ~100 nm. Tensile strength and microhardness of the material
increased with the number of ARB cycles; the strength-grain size relationship followed
the Hall-Petch equation. The overall grain refinement and strengthening levels observed
here are close to those reported in the literature for ARB processing of CP-Ti at ambient
temperatures. This demonstrates the ability of warm ARB can be as effective as cold
ARB, while offering several advantages for industrial utilization.

2.1 – Background for ARB
Processing of metals through the application of severe plastic deformation (SPD)
is well substantiated for the production of grain sizes in the submicrometer or nanometer
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range [83, 84], thus leading to unique physical and mechanical properties, such as
increased strength [85, 86] and the potential for achieving superplasticity at low
temperatures [87-89]. The main objective of SPD techniques is to develop very large
plastic strains within the material, resulting in dislocation structures that reorganize to
form cells, subgrains and high-angle grain boundaries (HAGB) that causes progressive
grain refinement [16]. Typical SPD techniques conventionally include equal channel
angular pressing (ECAP) [90, 91] and high pressure torsion (HPT) [23]. Though these
techniques have been repeatedly shown to cause significant grain refinement in the
processed material, they are also known to be very limited in practical applications. The
size and form of the generated specimens inhibits their use in components where the
unique properties of the processed materials are most valuable. For instance, the great
enhancement in the processed material’s superplasticity is scarcely exploited, since
neither technique is capable of producing sheets that can be superplastically-formed into
full components. Accumulative roll bonding (ARB), on the other hand, recently
developed by Saito et al. in 1998 [27], promises a more favorable SPD approach for bulk
production of sheets for industrial applications. The technique aims to synthesize ultrafine grained (UFG) and nanocrystalline (NC) structures with prevailing high-angle grain
boundaries in metallic materials through an inexpensive and industrially feasible manner,
utilizing a conventional metal rolling facility.

Processing metals by SPD has demonstrated the ability to increase the strength of
pure metals by grain boundary hardening to levels comparable to those of an alloyed
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counterpart. This critically implies that with proper processing, lower grades of a metal
can replace its higher grades that have an associated increased cost. For example, Ti-6Al4V, a relatively expensive aerospace grade titanium alloy, could potentially be replaced
with the less expensive commercially pure titanium (CP-Ti) strengthened by grain
refinement. Increasing the strength of CP-Ti would lead to further applications in the
aerospace and defense industries, and higher potentials for titanium to penetrate the costsensitive automotive sector. In addition to cost advantages, the increased use of SPD
processed UFG CP-Ti suggests greater recyclability of titanium components, and greater
exploitation of the metal’s excellent biocompatibility for the medical industry [92, 93].

In order to achieve the desired amount of grain refinement, SPD processing of
CP-Ti is conventionally performed at room temperature so as to prevent the occurrence of
recovery and/or recrystallization. To date, high pressure torsion has shown the greatest
ability to produce ultrahigh strength CP-Ti, with tensile strength ranging between 950 and
1380 MPa, with a corresponding mean grain size of 120 and 80 nm, respectively [24, 25].
These values were slightly higher than those found for a 3.25 mm diameter wire
produced using hydrostatic extrusion (HE) which had a tensile strength of 1320 MPa,
with a resulting effective grain diameter of 47 nm [46]. In the only reported study of CPTi processed by ARB at room temperature, Terada et al. [30] obtaining an equiaxed
microstructure with a tensile strength of 895 MPa after six consecutive cycles. A similar
improvement in tensile strength was obtained in CP-Ti processed at room temperature
using high-ratio differential speed rolling (HRDSR) conducted by Kim et al. [42]. Room
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temperature ECAP of CP-Ti has been carried out by increasing the die angle from 90° to
120-135°, thus reducing the strain induced per pass. Zhao et al. [21] showed that
increasing the die angle to 120° (true strain of 0.6 per pass) improved the tensile strength
to 780 MPa in just one pass. Furthermore, Zhang et al. [18] processed CP-Ti with a die
angle of 135° (true strain of 0.46 per pass) and increased the tensile strength to 750 MPa
in two passes. It is interesting to note that these values are only slightly higher than the
strength observed in CP-Ti that had been processed by ECAP for 7-8 passes at elevated
temperatures [94-96]. For example, CP-Ti with a mean grain size of 250 nm and a tensile
strength of 710 MPa was obtained by ECAP processing in the 400-500 °C temperature
range [95]. This observation suggests that CP-Ti may achieve significant strength
enhancement following SPD processing at elevated temperatures, thereby achieving the
desired

strength

improvements

under

conditions

better

suited

for

industrial

manufacturing.

It can be seen from previous investigations on processing CP-Ti by SPD
techniques that the highest strength (and grain refinement) was achieved through HPT at
room temperature. However, as mentioned earlier, this process is limited to relatively thin
disk shaped samples, and has not been extended to bulk material on an industrial level.
As for ARB, the main SPD technique with great industrial potential, the attained
strengthening and grain refinement levels are significant, although not as high as those
achieved by HPT. The gap that currently exists in the literature is the absence of any work
on ARB of CP-Ti at higher than ambient temperatures. Despite the anticipated partial
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recovery, the promising results of warm ECAP processing of the material indicate that
there are strong potentials for warm ARB processing of CP-Ti. In addition, warm
processing brings some practical advantages, especially if processing on an industrial
level is to be considered. Warm processing, versus cold processing, implies lower flow
stresses in the material and thus smaller rolling forces, which might be critical for
processing larger sheets. Also, bonding of the different layers during ARB is expected to
be enhanced at higher than ambient temperatures, as was previously shown for rollbonding of aluminum alloys by Yan and Lenard [97] and Quadir et al. [28]. Therefore, in
this work, we investigate the microstructural evolution and the corresponding changes in
properties in CP-Ti sheets processed by warm ARB at a selected temperature of 450 °C.

2.2 – Material and ARB Processing
Commercial purity titanium (CP-TI ASTM grade 2) was used in this study. The
material was received as 0.5 mm thick sheets, in the annealed state. Table 2.1 summarizes
the chemical composition of the material. The initial sheets had equiaxed grains with a
mean grain size of ~10 µm, as depicted from the SEM micrograph in the longitudinal
cross section of the sheets shown in Figure 2.1.

Table 2.1. Chemical composition of commercial pure titanium grade 2 (wt.%)

C

H

O

N

Fe

Ti

0.003

<0.001

0.11

0.003

0.05

BAL
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Figure 2.1: SEM micrograph of the as-received CP-Ti prior to ARB processing.

A schematic of the warm ARB experiments is shown in Figure 2.2. Four sheets (2
mm total thickness), 30 mm in width and 150 mm in length, were used to create the ARB
samples. The bonding surfaces of all the sheets were wire brushed and degreased with
acetone to ensure proper bonding between the layers before being stacked and secured
with CP-Ti wire around the corners of the sample. The accumulative roll bonding process
was conducted on a two-high roll mill with 200 mm roll diameter. Prior to roll-bonding,
the ARB specimens were preheated to 450 °C for five minutes to ensure a uniform
temperature throughout, as well as increasing the workability of the material and bonding
between the layers. The samples were then rolled to a 50% reduction in thickness
(equivalent strain of 0.8) during each cycle without lubrication. After a roll-bonding step
was completed, the specimens were placed on a large metal heat sink and allowed to cool.
The processed samples were then cut into two equal halves, followed by surface
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treatment, stacking, preheating, and then roll-bonding. This was repeated for seven cycles
(total equivalent strain of 5.6). The ARB runs were all performed at a roll speed of
approximately 30 rpm, thus imposing a strain rate of roughly 20 s-1 on the material. It
should be noted here that the rolls were not heated during the process, which implies nonisothermal deformation. While the exact temperature profile of the ARB sample is
unknown, we do not expect a significant drop from the starting temperature, since the
transfer process was very fast (taking no more than 2 sec.), and the deformation rate is
high (~20 s-1).

Figure 2.2: Schematic illustration showing the warm ARB process.

2.3- Post-ARB Testing and Characterization
The microstructure of the processed material was investigated by utilizing both
optical and electron microscopy. The observed sections for optical microscopy were
prepared along the cross-section perpendicular to the transverse rolling direction (TD).
Specimens were polished and etched with Kroll’s Reagent (2 ml HF + 4 ml HNO3 + 100
ml H20) to reveal the grain structure, or modified Kroll’s Reagent (10 ml HF + 40 ml
HNO3 + 50 ml H20) to reveal flow lines and defects in the processed specimens.
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However, evaluation of grain size evolution due to warm ARB processing was solely
based on TEM work, as the grain refinement levels were too high to capture with optical
microscopy. TEM imaging was carried out using Hitachi H-7600 operated at 120 kV.
Thin rectangular foils for TEM analysis were cut to image the normal (ND) and rolling
(RD) planes of the processed specimens. The thin foils were cut using a focused ion beam
(FIB), carried out on a Hitachi NB-5000, with a foil thickness of ~60 nm. Finally,
scanning electron microscopy was performed on the as-received material using Hitachi
S3400, operated at 20 kV.

The mechanical properties of the processed specimens were evaluated by tensile
and microhardness testing. Tensile specimens were cut from each ARB sample by wire
electro-discharge machining (EDM) according to the ASTM E08 sub-size specimen
standards (100 mm overall length and a 6 mm specimen gage width). The tensile
direction was parallel to the rolled direction. Tensile tests were conducted at room
temperature using a screw driven MTS universal testing machine, at an initial strain rate
of 5x10-3 s-1. An extensometer was used to accurately measure material elongation,
eliminating machine compliancy and specimen out-of-gauge deformation issues.
Microhardness tests were carried out on a Newage HMV2 microhardness tester, at 0.2 kg
load and 15 second dwell time. Measurements were taken across the thickness of the
processed specimen, at 0.05 mm spacing between any two consecutive points. Tensile
tests and Microhardness measurements were performed on the as-received material in
order to establish the base-line mechanical properties of the material.
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2.4 – Results and Discussion
2.4.1- Material Deformation and Flow Lines
An optical micrograph showing a section in the material after the first ARB cycle
is displayed in Figure 2.3a. It can be seen that there is inhomogeneous deformation
between the outer and inner sheets due to the rolling process. This is noted by the
difference in contrast between the four layers; the darker layers (outer two sheets) show
high levels of shear bands, whilst the lighter layers (inner two sheets) exhibit little, if any,
shear banding. This is due to changes in deformation modes across the sheet layers;
while plane strain rolling/compression is experienced by all four layers, the outer two
layers experience additional shear strain (referred to as redundant shear strain). Closer
examination of the microstructure revealed that the outer layers have a more refined
structure, and the inner layers have a coarser deformation-twinned structure, as seen in
Figure 2.3b and Figure 2.3c, respectively. This non-homogenous deformation due to
redundant shear stain was investigated by Lee et al. [98] and Kamikawa et al. [99]. They
utilized an embedded pin within one of the two layers to demonstrate the role of
redundant shear strain due to friction between the rollers and the workpiece. They
observed a uniform distribution of redundant shear strain from the surface to the center of
the rolled sheets. On the other hand, a discontinuous distribution of redundant shear strain
was seen when using four layers (instead of two), as it is the case in the present study, for
the initial specimen. The majority of shear strain was contained within the outer two
layers since the bonding interface limits the transfer of shear strain between the layers.
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Figure 2.3: (a) Optical micrograph of a CP-Ti ARB specimen after undergoing one cycle,
distinctly showing the four initial layers (sheets) (b) close-up view of the structure of the top
layer, (c) close-up view of the structure of one of the middle layers. Locations of (b) and (c) are
denoted in (a).

The non-homogeneity is alleviated through subsequent ARB processing due to
both heating and restacking (the outer layers are moved to the center) after each cycle.
This is clearly seen by studying the micrographs in Figure 2.4, which show sections in
the material after each of the seven consecutive ARB cycles. The alternating contrast
between the layers is easily noted at low cycles (1-4), while becoming finer and harder to
detect by five cycles and almost indistinguishable after six cycles. The material properties
throughout the thickness are thus expected to be more homogenous with higher ARB
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processing cycles. To support this, microhardness measurements were taken across the
material after one ARB cycle as well as seven cycles. The results of these measurements
are shown in the two parts of Figure 2.5. A trend of decreasing hardness from the sample
surface to the midpoint is observed in Figure 2.5a. Deviations in this general trend take
the form of regional peaks of hardness near the interfaces between the sheets. Where the
high values of hardness: near the surface is caused by redundant shear strain (as discussed
above) and near the bonding interfaces is due to work hardening from wire brushing as
reported by Lee et al. [100]. A similar plot obtained for the sample processed for seven
cycles (Figure 2.5b) does not display such a clear trend, but rather variations around a
near-constant line. Additionally, it shows smaller range between the maximum and the
minimum hardness values across the material sample. These results support the claim that
more processing cycles help in homogenizing the structure, as well as the properties, of
the ARB processed material.

Figure 2.4: Optical micrographs of longitudinal sections of ARB processed CP-Ti by one
through seven cycles.
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(a)

(b)

Figure 2.5: Microhardness measurements across the thickness of an ARB sample after (a) one
cycle and (b) seven cycles.
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2.4.2 - Microstructural Evolution with ARB
In examining the effects of warm ARB on the microstructural evolution of CP-Ti,
TEM observations were focused on the specimens processed by two, four and six cycles,
as shown in Figure 2.6. The specimen processed by two cycles, shown in Figure 2.6a,
exhibited a structure consisting of primarily lamellar grains elongated in the rolling
direction. Of the observed structure, 7% was approximately equiaxed grains, where
equiaxed here was taken as grains with an aspect ratio of less than 1.5, as determined
using the grain length and thickness along the rolling direction and normal direction,
respectively. The overall structure has an average grain size (equivalent grain diameter)
of 250 nm, determined by analyzing over 150 randomly chosen grains, with a 3.4 mean
aspect ratio. Therefore, to further define the structure, the mean length and thickness of
the grains are 450 nm and 140 nm, respectively. Whereas the portion of equiaxed grains
in the structure have a mean grain size of 160 nm.

When analyzing the CP-Ti specimen processed by four cycles, Figure 2.6b
displays a further refined structure that is made up of predominantly lamellar grains.
However, the mean aspect ratio of the observed structure was determined to be 2.3;
thereby indicating that grain fragmentation of the elongated grains occurred during the
additional two cycles. It was also seen that the percentage of equiaxed grains, of over 160
grains observed, increased to 19% within the structure. These equiaxed grains had a
measured average grain size of 120 nm, whereas, the average grain size determined for
the whole structure was 150 nm. Again, as was seen in the structure of the specimen
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processed by two cycles, the specimens’ structure processed by four cycles consisted of
primarily elongated grains along the rolling direction. Therefore, the mean length and
thickness of the grains were evaluated to be 230 nm and 103 nm, respectively.

Figure 2.6: TEM micrographs observed at the TD plane of the specimens processed by: (a) two
(b) four and (c) six ARB cycles.

28

Chapter 2 – Grain Refinement: ARB

The final specimen analyzed by TEM, shown in Figure 2.6c, was processed for
six ARB cycles of the total seven cycles completed in this study. It can be seen that the
microstructure was mostly filled with equiaxed grains with an average grain size of 120
nm. Of the 185 grains analyzed, 65% were determined to be approximately equiaxed with
an aspect ratio of less than 1.5. Furthermore, 16% of the observed structured had an
aspect ratio less than 1, thus indicating continued fragmentation of the grain structure
following additional ARB cycles. The whole structure had a 1.4 mean aspect ratio, which
is significantly reduced when compared to the previously analyzed specimens. The
structure had a 140 nm mean grain length and a 97 nm mean grain thickness.

The abovementioned results are summarized graphically in Figure 2.7, Figure 2.8
and Figure 2.9. The microstructural evolution of grain length and thickness throughout
consecutive ARB processing is plotted in Figure 2.7. From this plot, it can be seen that
there is a dramatic decrease in grain length between two and six cycles, while grain
thickness remains relatively constant. A power fit of the data is utilized with a one cycle
(forward and backward) forecast to further demonstrate the microstructural evolution
during warm ARB processing. This plot shows that the structure is largely comprised of
equiaxed grains when processed by six or more ARB cycles. The corresponding
evolution of the aspect ratio (grain length to thickness) is shown in Figure 2.8, where it is
seen to approach one (equiaxed) at increased ARB cycles. As for the overall evolution of
the average grain size, it is shown in Figure 2.9. The plot clearly shows that a submicron
structure is produced, even after one cycle of warm ARB processing. We also infer from
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the plot that six cycles of warm ARB processing of CP-Ti at 450 °C produces an average
grain size of ~120 nm. As for the maximum refinement achieved, the plot shows it to be
around 100 nm. Note that this level of grain refinement is very close to the one reported
in the literature for ARB processing at room temperature for the same material (90 nm
after eight cycles, according to Terada et al. [30]). This validates the effectiveness of
warm ARB processing, showing that the positive merits of warm processing at the
selected temperature (lower flow stresses and improved bonding) does not necessarily
lead to a great sacrifice in terms microstructure refinement.

Figure 2.7: Evolution of mean grain geometry (length and thickness) with ARB processing.
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Figure 2.8: Evolution of grain aspect ratio with ARB processing.

Figure 2.9: Evolution of average grain size of the material due to ARB processing.
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In addition to grain refinement and the evolution of grain geometry, further
information can be inferred from microstructural examination of the processed material.
At low ARB cycles, the structure was comprised of mainly filamentary grains/subgrains
with high density of dislocation defects of the crystalline lattice. This is characterized by
the inhomogeneous contrast within the grains, as clearly shown in the additional TEM
micrograph in Figure 2.10a. With further processing, fragmentation of filamentary grains
was seen to occur, resulting in a subgrain cell structure with low-angle misorientation due
to similar contrast levels. This subgrain structure is clearly seen after processing CP-Ti
for four consecutive ARB cycles (Figure 2.10b). Furthermore, it can be seen that the
grain boundaries are blurred or wavy, indicating that the structure is in high energy nonequilibrium [101], and further demonstrating that the grain boundaries have low-angle
misorientation. However, after processing the samples for six cycles, equiaxed grains
with high angle grain boundaries (HAGBs) are formed by progressive rotation of the
subgrains by continuous dynamic recrystallization [102]. This is seen in Figure 2.10c,
where the grain boundaries are seen to be sharper with lower dislocation density within
the grains. This partial recovery of the structure is due to increased deformation
temperature during ARB processing. This recovery could occur both dynamically during
deformation and/or statically during preheating of the specimens prior to roll-bonding.
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Figure 2.10: Additional TEM micrographs observed at the TD plane of the specimens
processed by: (a) two (b) four and (c) six ARB cycles.

2.4.3- Mechanical Properties
The engineering stress-strain curves of the ARB processed material, as well as the
as-received material, are shown in Figure 2.11a. The tensile strength and the total
elongation, extracted from the flow curves, are plotted as a function of the number of
ARB cycles in Figure 2.11b. It can be seen that the processed material showed the
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greatest increase in tensile strength (~35%) with the greatest drop in ductility based on
tensile elongation (~60%) after one cycle. At subsequent ARB cycles, the processed
material exhibited a gradual increase in tensile strength until seven cycles where
saturation occurred, whilst total elongation remained relatively constant throughout
further processing. After completing seven consecutive warm ARB cycles, the processed
material exhibited a tensile strength of ~900 MPa, with total elongation of ~10 percent.
This is double the tensile strength and one third the ductility of the as-received material,
which had a tensile strength and total elongation of 450 MPa and 28%, respectively. It
should be noted here that these properties are equivalent to those of the high strength Ti6Al-4V, the most widely used titanium alloy, which accounts for ~60% of total titanium
production worldwide. The Ti-6Al-4V typically exhibits ~900 MPa tensile strength, and
~8% tensile elongation to failure [78]. This validates the claim presented earlier regarding
the ability of SPD to enhance the properties of near-pure metals to levels close to those of
some of its higher strength alloys. In this case, it is further validation to the capabilities of
warm ARB, which has not been shown before for CP-Ti, thus accentuating the great
potentials for this material -with proper processing- to offer properties similar to that of
Ti-6Al-4V.
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(a)

(b)

Figure 2.11: (a) Engineering stress-strain curves of the as-received and processed material (b)
corresponding plots of tensile strength and ductility evolution as a function of the number of
ARB cycles.

Furthermore, the flow curves of the as-received and processed material are seen to
differ greatly, as noted in Figure 2.11a. Unprocessed CP-Ti shows a flow curve with a
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typical strain hardening portion that covers more than 25% of the domain. After peaking,
the curve denotes that the material is plastically deforming at near constant flow stress
level, and even slight softening that persists for almost 50% of the domain, before
undergoing what appears to be unstable deformation (macroscopic necking) that leads to
failure. The flow curves of the ARB processed material, on the other hand, distinctly
show strong softening that follows a very early peak in the flow stress. These curves
indicate that most of the deformation is non-uniform or unstable, with the uniform
elongation portion covering less than 3% of the total plastic strain. That being said, the
material is clearly able to sustain very large localized elongation after the peak stress.
This complex phenomenon, of suppressed strain hardening alongside prolonged unstable
deformation, is observed in the literature on materials with ultra-fine-grained structures,
and requires further investigation [4]. A detailed investigation of macroscopic
deformation with digital image correlation, accompanied by interrupted microstructural
examination, is the subject of a future study.

As for microhardness measurements, another look at the results previously
presented in Figure 2.5 is given in Figure 2.12. As depicted, the average hardness of the
material increases with ARB processing (regardless of the distribution across the
thickness), with the most significant jump taking place after the first processing cycle, as
seen with the strength (Figure 2.11). The average hardness of the material increased to
2020 MPa after the first processing cycle and further increased to 2600 MPa after the
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seventh consecutive cycle. This is a total 66% increase in hardness as compared to the asreceived material with a hardness value of 1570 MPa.

Figure 2.12: Microhardness measurements across the thickness of an ARB sample after one
and seven cycles, in comparison with the as-received material.

2.4.4- Cold versus Warm ARB
Both similarities and differences were observed when comparing the results of the
microstructure and mechanical properties of CP-Ti processed by warm ARB at 450 °C
and with those obtained at room temperature by Terada et al. [30]. When processing at
room temperature, the six cycle specimen had a mean lamellar boundary spacing (or
grain thickness) of 70 nm and equiaxed grain structure having a mean grain size of 90
nm. In contrast, results obtained at 450 °C revealed a structure with a grain thickness of
97 nm and a mean equiaxed grain size of 120 nm. This increase in grain size, seen during
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elevated temperature processing, is probably due to the fact that high dislocation density
is desired to form dislocation cells and dense dislocation walls within the structure to aid
in progressive grain refinement at subsequent processing cycles. The recovery of the
structure clearly seen by the sixth cycle illustrates a reduction in dislocation density as
compared to processing at room temperature. Therefore, if the temperature was
systematically reduced throughout increased ARB cycles, this partial recovery (both
dynamic and/or static) of the structure may have been prevented and, thereby resulting in
further grain refinement of the structure. It should be noted, however, that the strength of
the material was not reduced due to the increase in grain size. In fact, the strength of the
ARB processed CP-Ti was essentially identical after completing six consecutive cycles
regardless of processing temperature. It has been shown that the recovery process
resulted in the reduction of non-equilibrium grain boundaries with ordering of the
dislocation structure, thus providing an increase in tensile strength [84, 103]. This was
demonstrated by Valiev et al. through low temperature annealing at 300 °C for 10
minutes of HPT processed CP-Ti [25, 104]. The results shown here indicate a similar
behavior, and suggest that ARB processing of CP-Ti at warm temperatures results in a
thermomechanical treatment that decreases non-equilibrium grain boundaries and, thus,
further increases the tensile strength of the material. However, it is premature to confirm
this since other effects (such as dislocation interactions, anisotropy and texture) might be
influential; further examination in this regard is needed.
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2.4.5- Relationship between Grain Refinement and Mechanical Properties
It is well known that the Hall-Petch equation predicts an increase in yield strength
for a material (  y ) following a reduction of the grain size ( d ). The Hall-Petch relation is
described by:

 y   o  kd 1 2

Equation Chapter 2 Section 2(2.1)

where  o and k are material constants. A plot of the (  y  d ) results obtained in this
study is displayed in Figure 2.13, where the data closely follows a linear trend between
the as-received and processed CP-Ti specimens for two, four and six cycles. Therefore,
the material constants of the relation were determined as  o  270MPa and
k  0.215MPa  m1 2 . Furthermore, Figure 2.13 summarizes data from literature on the

variation of yield strength with grain size for CP-Ti, processed using other SPD
techniques such as: HPT [24, 25], ECAP [95], ECAP + cold extrusion [95], ECAP + cold
rolling [17], ECAP + HPT [94], and HE [46]. It is seen that, in general, the experimental
results found in this study follow a similar trend as the published data. If this data is
included, the material constants of the Hall-Petch relation change slightly to

 o  240MPa and k  0.220MPa  m1 2 (which is the linear trend plotted in Figure 2.13).
Furthermore, the Hall-Petch relationship was observed to provide a good description of
the mechanical response of SPD processed CP-Ti for grain sizes ranging from 10 and
0.05 µm.
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Figure 2.13: Plot of strength versus grain size for CP-Ti showing a fit to the Hall-Petch
relationship. Data points were obtained from this work, as well as other works on SPD of CPTi in the literature [17, 24, 25, 46, 94, 95].

2.5- Summary and Conclusions for Chapter 2
1.

Severe plastic deformation was imposed on CP-Ti sheets via accumulative roll
bonding at 450 °C for up to seven cycles. The processed material underwent both
mechanical characterization and microstructural examination to track and correlate
grain refinement and strengthening.

2.

Overall, the tensile strength of the material was doubled, from 450 to 900 MPa, with
the mean grain size refined from ~10 μm to around ~100 nm. These results are
comparable to those reported in the literature for ARB processing of CP-Ti at room
temperature. Warm ARB

can

thus

be

as

effective

as

cold ARB

in

refining/strengthening the material, yet with additional benefits to process
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applicability on an industrial scale (reduced flow stresses, reduced rolling mill size
and enhanced sheet bonding).
3.

The largest jump in tensile strength, and grain refinement, was achieved after the first
processing cycle, which suggests that the most effective ARB processing is gained at
low cycles. While additional processing cycles provide incremental strengthening
and grain refinement, with improved through-thickness uniformity of material
properties.

4.

Highly elongated grains were produced after the first processing cycle, with an
average grain length/thickness ratio of ~3.4. Successive processing was found to
fragment the elongated grains, with smaller effect on grain thickness. Further
processing was found to bring the grain structure closer to an equiaxed condition.

5.

Strength and grain size held to the Hall-Petch relationship along the entire range
covered in this study, and it was found to map well with other results obtained by
various SPD techniques on CP-Ti.
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CHAPTER 3 – MODELING TENSILE STRENGTH: ARB

In this chapter, a model that describes the evolution of material strength due to
processing via accumulative roll bonding was developed. ARB experiments were
conducted on CP-Ti Grade 2 at a selected set of conditions. The results showed
significant grain refinement in the microstructure (down to ~120 nm) and a twofold
increase in tensile strength as compared to the as-received material. The developed model
was validated using the experimental data, and exhibited a good fit over the entire range
of ARB processing cycles. To further validate the model and ensure its robustness for a
wider array of materials (beyond CP-Ti), a review of efforts on ARB processing was
carried out for five other materials with different initial microstructures, mechanical
properties, and even crystalline structures. The model is still able to capture the
strengthening trends in all considered materials.

3.1 - Modeling Approach
The ARB experimental results used in this modeling approach was conducted and
described in Chapter 2. The main objective of the model, to be developed here, is to
enable predicting the increase in tensile strength as a result of ARB processing; i.e. the
strength evolution curve shown in Figure 2.11(b). The thickness reduction in each ARB
cycle is 50%. This is not a mere assumption to simplify the modeling effort, but rather
based on actual ARB runs, where 50% reduction is necessary to maintain the processing
sequence. Furthermore, the workpiece dimensions do not influence the final properties of
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the processed material, as long as plane strain conditions are ensured. The major inputs of
the model are (i) the initial strength of the material, and (ii) the number of ARB cycles it
undergoes (which is also equivalent to the accumulative strain). The output of the model
is the tensile strength of the processed material.

Initial analysis of strength increase for the ARB processed CP-Ti (Figure 2.11(b))
showed that the standard Power Law:

  K n ,

Equation Chapter 3 Section 3(3.1)

where K is the strength coefficient and n is the strain hardening exponent, does not
predict the material’s strength beyond the as-received material (by simply inputting the
total accumulative strain into the equation). Figure 3.1(a) shows the data points from
Figure 2.11(b) with a power law curve that is based on the K and n values of the asreceived material. As noted, there is a fit over a narrow range of small strains, yet there is
a significant deviation between the two over most of the accumulative strain domain.
This is expected with the significant changes to material properties imposed by
successive processing (and the associated severe plastic deformation). In spite of that, the
experimental data points are noted to show a general hardening trend that can be
described by the power law. Therefore, a simple model is proposed here, in which the
ultimate tensile strength of the material after (i) number of ARB cycles,  U _ i , can be
expressed by the following:

U _ i  U _ 0  U _ i ,
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where  U _ i is the increase in strength of the material due to processing for ( i ) cycles
with respect to the as-received material’s strength,  U _ 0 , and it is given by the following
power law expression with modified coefficients:

 U _ i  K   Ni n .

(3.3)

where the number of ARB cycles is represented by N i . K  is the general hardening
coefficient and n is the general hardening exponent which describes the rate of strength
increase due to ARB processing. To obtain the K  and n values, the experimental data
points in Figure 3.1(a) are first shifted by  U _ 0 , as illustrated by Figure 3.1(b), and then a
fit to Equation (3.3) is pursued.

The logarithm of Equation (3.3) is taken to determine K  and n , where i is equal
to or greater than one:
log(U _ i )  log( K )  n log( Ni ), i  1.

(3.4)

When plotted, n is the slope describing the rate of strength increase at subsequent
number of ARB cycles. K  , on the other hand, is the y-intercept when i is equal to one,
and it is therefore equal to:
K   U _1  U _ 0 .

(3.5)

After adding the as-received or preprocessed materials strength to Equation (3.3), the
ultimate tensile strength of the processed material,  U _ i , can be expressed by:

U _ i  U _ 0  K   Ni n .
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(a)

(b)

Figure 3.1: (a) A power law fit based on the K-n values for the as-received material does not
match the experimental data points. (b) A power law fit to the “increase in material strength
due to ARB processing” showing a good fit.
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As an alternative to the number of ARB cycles, N i , the model can also be written
in terms of accumulated strain. Assuming von Mises yield criterion and plane strain
conditions during the rolling process (i.e. the processed strips’ width is unchanged), the
equivalent plastic strain,  , is determined by:



2  1 
ln 
,
3  1 r 

(3.7)

where r is the reduction in thickness of the strip during the rolling process and can be
expressed as:
r  1

t
,
to

(3.8)

where to is the initial strip thickness and t is the strip thickness after deformation. With a
reduction of 50% per cycle, the equivalent plastic strain for a single pass (one ARB cycle)
is calculated to be  per cycle  0.80 . Therefore, the accumulative strain after N i of ARB
cycles is:

 i  0.8  Ni .

(3.9)

Hence, when substituting Equations (3.5) and (3.9) into Equation (3.6), the model
reduces to the following:
n

U _ i

 
  U _ 0  ( U _1   U _ 0 )   i  .
 1 

(3.10)

In summary, the strength of the ARB processed material given by Equation (3.6)
can be given by the general form (in terms of either  i or N i ):

U _ i  U _ 0  K    i n ,
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where:
K  

K

1n

.

(3.12)

3.2 – Model Validation
In this section, validation of the model’s ability to capture the experimental data
obtained using CP-Ti (in this work) is discussed. This step will be performed based on the
number of ARB cycles as well as the total accumulative strain. Beyond that, the model
will be also validated using experimental data gathered from the literature on ARB
processing of various materials. The latter will be confined to Equation (3.6), since 50%
reduction per pass was adopted in all the efforts here.

3.2.1 - Validation with CP-Ti
Figure 3.2 displays the tensile strength of the ARB processed CP-Ti from the
experimental findings conducted in this study. As noted by the two parts of the figure, the
model shows a good fit to the data points, over the entire range of processing cycles, thus
confirming the validity of the proposed power law fit to the increase in the material’s
tensile strength as a result of ARB processing. The deviation of experimental data points
from the model’s fit was within 2%.
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(a)

(b)

Figure 3.2: Model fit
to the experimental
data for ARB
processed CP-Ti
based on (a) number
of ARB cycles (b)
ARB accumulative
strain.

Moreover, the data obtained by Terada et al. [30] is considered. Terada et al.
studied the effects of ARB on CP-Ti grade 2 (the material also had an initial mean grain
size of ~10 µm); however, they performed ARB processing at different conditions to
those reported in the current work. Of prime importance, Terada et al. performed ARB
processing to eight cycles (equivalent strain of 6.4) at ambient temperature. Processing
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was carried out under well-lubricated conditions utilizing a two-high mill with a roll
diameter of 310 mm. The peripheral speed of the rollers was 17.4 m/min; thus, the
corresponding mean strain rate of the specimens was 19 s-1. Terada et al. reported an
equiaxed grain structure with a mean diameter of 80-100 nm after eight ARB cycles. In
spite of some processing differences between this work and that by Terada et al, the
results were very similar. Figure 3.3 demonstrates the latter, and further demonstrates the
models ability to provide a good fit to the experimental data points in both cases.

Figure 3.3: Model fit to the experimental results for ARB processed CP-Ti [30].

3.2.2 - Validation with Other Materials
A literature review was performed, covering efforts on ARB processing of various
materials. The data generated by the reviewed efforts was used to further validate the
proposed model (strength increase due to ARB processing can be described by a power

49

Chapter 3 – Modeling Tensile Strength: ARB

law fit with modified coefficients). A short summary of each of these efforts is provided,
with a brief discussion on how the experimental data is captured by the proposed model.

3.2.2.1 – Copper
Shaarbaf and Toroghinejad performed ARB processing on 99.9% pure copper
[105]. In the study, two pure copper sheets of 1 mm in thickness, 30 mm in width and 300
mm in length were stacked (producing a 2 mm thick sample) and ARB processed at room
temperature without lubrication. The specimens were deformed by 50% reduction per
cycle utilizing a mill with a roll diameter of 127 mm along with a peripheral velocity of
about 6 m/min, corresponding to an approximate mean strain rate of 10 s-1. After eight
cycles, Shaarbaf and Toroghinejad reported an equiaxed grain structure with an average
grain size below 100 nm. Additionally, the tensile strength increased from approximately
210 MPa to 430 MPa after eight ARB cycles; an increase of nearly two folds. The tensile
strength of the ARB processed copper at various cycles is shown in Figure 3.4. Similar to
the results for CP-Ti, the tensile strength of processed copper exhibits a great increase
after the first ARB cycle, followed by strengthening at a reduced rate up to the eighth
cycle. The model shows a good fit to the experimental data points; the greatest error
calculated between the experimental data and the model is less than 3%.
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Figure 3.4: Model fit to the experimental results for ARB processed pure copper [105].

3.2.2.2 – 70/30 Brass
Accumulative roll bonding was investigated for 70/30 brass by Pasebani and
Toroghinejad [106] in a study that involved processing to six cycles at room temperature.
The experimental mill used had a roll diameter of 127 mm with a peripheral rolling speed
of 6 m/min; the mean strain rate was ~10 s-1. The average grain size of the processed
material was below 100 nm after six cycles, compared to the initial mean grain size of
about 25 µm. Tensile strength increased by more than twofold; from the as-received
strength of 360 to approximately 800 MPa after six ARB cycles. Figure 3.5 shows the
experimental data along with the corresponding fit to the model. It can be seen that the
model closely follows the strengthening trend of the ARB processed 70/30 brass, also
with a very small deviation.
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Figure 3.5: Model fit to the experimental results for ARB processed 70/30 Brass [106].

3.2.2.3 – Ultra-Low Carbon Steel
Krallics and Lenard [107] investigated the processing of ultra-low carbon steel
through the accumulative roll bonding technique. Samples were processed up
tofivecycles (equivalent strain of 4) at elevated temperatures with no lubrication. The
samples were pre-heated to 515 °C and held for 10 minutes prior to roll-bonding at a 50%
reduction. This process was conducted on a two-high mill with 150 mm diameter work
rolls running at a peripheral velocity of 23.4 m/min, resulting in a strain rate of ~20 s-1.
Krallics and Lenard showed a significant tensile strength increase after five cycles, from
300 to 822 MPa. The data points from the study are presented in Figure 3.6, with the
model showing another close fit to the trend seen by the experimental results.
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Figure 3.6: Model fit to the experimental results for ARB processed ultra-low carbon steel
[107].

3.2.2.4 – Aluminum Alloy 1100
Accumulative roll bonding of commercially pure aluminum (AA1100) has been
investigated by many groups due to its relatively low initial strength. The results obtained
by three groups are considered here: Saito et al. [75], Pirgazi et al. [108], and Eizadjou et
al. [109].

Saito et al. [75] processed aluminum sheets for up to eight cycles, with the
specimens preheated to 200 °C for five minutes and processed without lubrication. The
selected roll diameter and rolling speed combination imposed a ~12 s-1 mean strain rate
on the material. Pirgazi et al. [108] processed fully annealed aluminum sheets (mean
grain size of ~34 µm) for up to ten cycles at a mean strain rate of 8.2 s-1. The specimens
were preheated to 250 °C for five minutes prior to roll-bonding and then rolled at 200 °C
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under dry conditions. As for the study by Eizadjou et al. [109], aluminum samples with
the same initial mean grain size of ~34 µm were processed to eight cycles at a mean
strain rate of ~4.5 s-1. Processing, however, was conducted at room temperature without
preheating.

For the three studies, the variation in strength with respect to the number of ARB
cycles for AA1100 is shown in Figure 3.7. The model fit is also shown in the figure, with
the coefficient ( K  ) and the exponent ( n ) of the model obtained by considering the data
points from all three references. It is noted that the experimental results show some
deviation at low number of cycles; yet this deviation diminishes at higher cycles (greater
than two ARB cycles). Similarly, the model provides a good overall fit, especially at high
number of ARB cycles, with noticeable (yet still insignificant) deviation from the
experimental data points at one or two ARB cycles. These results show that the effects of
ARB processing conditions on the material are strongest at low number of cycles; yet as
the material is further processed, the properties of the processed material become less
sensitive to those conditions. More importantly, the results also show that the proposed
model, though simple, is robust enough to capture the evolution of material’s strength due
to ARB processing, within the limits of experimental variations examined here (geometry
and size of specimen, rolling speed, strain rate, processing temperature, etc.).
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Figure 3.7: Model fit to the experimental results for ARB processed commercially pure
aluminum AA1100 [75, 108, 109].

3.2.2.5 – Aluminum Alloy 6061
The final ARB study examined in this work was conducted by Lee et al. [100] on
the heat treatable 6061 aluminum alloy. The initial sheets were in the fully annealed state,
with a recrystallized mean grain diameter of 25 µm. ARB processing was carried out at
ambient temperatures without lubrication for up to eight cycles. The processing
parameters (i.e. roll diameter, rolling speed, and strain rate) are assumed to be consistent
to the ARB process conducted in reference [75]. Lee et al. found that the microstructure
evolution of the ARB processed AA6061 had relatively large grains elongated parallel to
the rolling direction after one cycle. Ultra-fine grains were seen after four cycles and the
fraction of ultra-fine grains increased at subsequent cycles; the mean grain diameter was
measured to be 500 and 310 nm after six and eight cycles, respectively. The tensile
strength increased with total number of ARB cycles to a maximum strength of 363 MPa
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at eight cycles. This is equivalent to a threefold increase in strength over the initial value
of 120 MPa. Figure 3.8 shows the incremental evolution in tensile strength for the
AA6061 as determined by Lee et al., along with the corresponding model fit. It should be
noted here that the rate of tensile strength increase was almost linear over the entire
range; unlike the rest of the material covered here, where a significant increase in
strength was observed after the first ARB cycle. The model though was able to capture
this behavior. It should be also noted here that the heat treated AA6061-T6 has a tensile
strength of ~310 MPa, thus demonstrating that higher strength is achieved through ARB
processing.

Figure 3.8: Model fit to the experimental results for ARB processed AA6061 [100].
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3.2.3 – Comparison between the Various Metallic Alloys
A comparison of the results for the materials analyzed in this study proves that
ARB has a profound effect on the properties of the resultant material. The increase in the
strength was about ~200% after processing by ARB for most of the materials and ~300%
for aluminum alloys. Figure 3.9 illustrates the prediction of the strengthening model as
applied for the materials, which was shown earlier to be in good agreement with the
experimental results. It can be seen that the materials processed by ARB experienced the
greatest incremental increase in strength after just one cycle (or equivalent strain of 0.8),
and then followed a nearly linear trend at successive cycles. However, AA6061 did not
behave in this fashion and is seen to follow a nearly linear trend throughout processing.
Also, it should be noted that the AA6061 increased to a higher strength than unalloyed
1100. This difference in tensile strength may be attributed to dissimilar work hardening
behavior between the aluminum alloys. AA6061 exhibits other strengthening
mechanisms, such as precipitation hardening, which is expected to contribute to the
material’s increased strength when compared to the AA1100. It is also notable that
copper, which has a high strain-hardening exponent ( n of the Power Law), displayed a
relatively low rate of strengthening beyond the first ARB cycle.
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Figure 3.9: Comparison of materials produced by accumulative roll bonding.

The parameters used in this model; K  , n , and  U _ 0 , are summarized in Table
3.1 for all six materials covered in this work. The model is readily applicable for
designing the process and establishing the number of cycles needed to achieve desired
properties. The strength,  U _ 0 , is related to the “as-received” conditions, while K  and n
are related to the material and specific ARB process parameters, mainly thickness
reduction per pass. Generally speaking, it was observed that K  is higher for the materials
with initial higher strength coefficient, K ; while n seems to be lower for the materials
with higher strain hardening exponent, n . However, no relationships between model
parameters and the K  n values for the as-received materials have yet been established.
Although a physical meanings of the model parameters ( K  and n ) are not yet
understood, the database established here will be very helpful is facilitating future work
on correlating them to the properties of the starting material.
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Table 3.1: Summary of model parameters for the materials covered in this study.

Material

 U _ 0 [MPa]

K  [ MPa]

n

AA1100
AA6061
Pure Copper
70/30 Brass
Ultra Low Carbon Steel
CP-Ti Grade 2

88
120
212
361
300
420

96
51
155
243
232
250

0.408
0.787
0.185
0.334
0.485
0.361

3.3- Summary and Conclusions for Chapter 3
This chapter presents the development of a model that describes the evolution of
material strength due to processing via accumulative roll bonding. ARB experiments
were conducted on CP-Ti Grade 2, and the results showed significant grain refinement in
the microstructure (the average grain size decreased from ~10 µm to ~120 nm), which led
to an increase in tensile strength of ~100% (after six cycles) as compared to the asreceived material. The developed model was validated using the experimental data on
CP-Ti which was obtained from this work, as well as experimental data on ARB
processing of other materials, as reported in the literature. The following conclusions
were reached:


The developed model showed a good fit to the experimental data points over
the entire range of processing, for all six materials considered in this work.
The model was able to capture the strength evolution in all six materials with
small error, in spite of their different lattice structures (FCC, BCC and HCP)
and differences in their initial mechanical properties and microstructures (i.e.
initial grain size).
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ARB processing parameters, which may include: strain rate, roller diameter,
tribological conditions, and preheating temperature, have been found to have
no influence on the results at high cycles (greater than two ARB cycles).
However, some effect is noted at one-two ARB cycles, yet the deviation from
the model is relatively small, such that the overall model predictions are still
robust.



A database of coefficients used in the model was developed and is readily
applicable. The model can be a useful tool in designing the process and
establishing the number of cycles needed in order to achieve the desired
strength.
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CHAPTER 4 – EFFECT OF WARM PROCESSING AND POST
PROCESS TREATMENT: ARB

Accumulative Roll Bonding (ARB), a severe plastic deformation technique, was
used in this study to process commercially pure titanium (CP-Ti) sheets at selected warm
temperatures. Post-processing treatments at selected conditions were also performed on
the ARB processed material, following each ARB processing cycle. Mechanical
characterization and microstructural examination were carried out on the processed and
post processed material to track the evolution of the microstructure, the changes in
strength and ductility, and their relationships with regard to one another. Though the
temperatures and processing conditions covered here are limited, it was found that ARB
processing temperature affects the resultant flow behavior of the material. Furthermore, it
was shown that post processing treatment of the ARB processed material can increase
both strength and ductility of the material; the latter can be used as an effective tool for
further controlling the structure and properties of the ARB-processed material.

4.1 - Background
This study investigates the microstructural evolution and corresponding changes
in mechanical properties of CP-Ti sheets processed by ARB at two selected warm
temperatures. Warm processing brings some practical advantages, especially if processing
on an industrial level is to be considered. Warm processing, versus cold processing,
implies lower flow stresses in the material and thus smaller rolling forces, which might
be critical for processing larger sheets. Furthermore, the effect of post-process treatment

61

Chapter 4 – Effect of Warm Processing and Post-Process Treatments: ARB

on the mechanical behavior and changes to the structure of ARB processed CP-Ti is also
investigated. Recent studies on post-annealing SPD processed materials have
demonstrated unusual simultaneous increase in both strength and ductility [17, 25, 26,
103]. For example, Valiev et al. [104] processed CP-Ti by HPT and found that short
annealing at 300 °C further increased the strength by 30% while also enhancing ductility.
This implies that a post-process treatment may be used to control the structure, to further
advance the mechanical properties of nanostructured materials. Post-process treatments
have not been investigated on ARB processed CP-Ti, and its influence on the mechanical
behavior is not currently known, thus it is covered in this study. In addition, post-process
treatments are applied systematically throughout all ARB processing cycles (instead of
just the final processing cycle/pass), in order to understand the effect of post-process
treatments with regard to accumulative strain or grain size.

4.2 – Experimental Setup and Procedure
4.2.1 – Material and ARB Procedure
Commercial purity titanium (CP-Ti ASTM grade 2) was also used in this study.
To evaluate the processing temperature on the resultant material properties, ARB
processing was performed at 400 °C and 450 °C. Detailed description of the material and
ARB procedure conducted in this study is provided in section 2.2– Material and ARB
Processing.
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4.2.2 – Post-ARB Thermal Treatments
Two sets of samples were processed using ARB at warm temperatures. The first
set consisted of specimens warm ARB processed at 400 °C for six cycles while the
second set was processed at 450 °C for seven cycles. For each sample, two tensile
specimens were cut alongside of each other along the rolling direction. This was done so
that one tensile specimen could be tested in the as-ARB-processed state and the other
after the post-process treatment. The specimens ARB-processed at 400 °C were treated at
250 °C for 10 minutes, while the specimens ARB-processed at 450 °C were treated at 450
°C for 10 minutes.

4.2.3 – Testing and Characterization
The microstructure and mechanical properties of the ARB samples processed at
400 °C and 450 °C and following post process thermal treatments at 250 °C and 450 °C
for 10 minutes where evaluated as discussed in section 2.3- Post-ARB Testing and
Characterization.

4.3 – Results and Discussion
4.3.1 – Warm ARB Processing
The engineering stress-strain curves of the samples processed at 400 °C and 450
°C (P400 and P450), along with the as-received material, are shown in Figure 4.1a and
Figure 4.1b, respectively. An abbreviation system was developed to simplify the notation
of the samples discussed herein; the reader may refer to Table 4.1 for the notation. A
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similar hardening trend is seen to occur for both processing temperatures throughout
progressive ARB cycles. The greatest incremental increase in tensile strength occurred
after the first processing cycle, and was then seen to decrease throughout subsequent
processing cycles. The tensile strength increased by 36% and 39% after one ARB cycle at
400 °C and 450 °C, respectively. This general trend, tensile strength increase as a
function of the number of ARB cycles, is consistent with the results reported in the
literature for CP-Ti and other materials; evidence of this can be found in almost every
effort involving ARB processing [29, 30, 42, 88, 89]. In a recent effort, it was shown that
the increase in strength for CP-Ti closely follows the Hall-Petch relationship, thus
providing evidence that grain refinement is the main driving factor for strength increase
in the material (for grain size levels as low as ~100 nm) [29]. Figure 4.1 indicates that the
main difference between the flow curves of the samples processed at the two
temperatures is the degree of strain softening after ultimate tensile strength was reached.
The degree of strain softening is defined by the slope of the portion of the flow curve
after ultimate tensile strength. For the P400 specimens, the degree of strain softening
increased with increasing ARB cycles, whereas the P450 specimens displayed a relatively
constant degree of strain softening with a small deviation (slightly higher degree of strain
softening) of the third and fifth processing cycles. There is no sufficient information to
explain this difference; this is mainly due to the fact that this apparent “strain softening”
in the flow curves of ARB processed materials is not well understood, and it is hardly
commented on in the literature. In fact, it is hard to confirm that the softening seen in any
of the curves in Figure 4.1, or any equivalent in the literature, truly represents “unstable
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deformation”, since it is too large to be so. This particular item is the subject of a current
study that utilizes digital image correlation to closely study the entire deformation history
in ARB processed materials.

Table 4.1: Abbreviation system for the samples.

Abbreviation
P400
P450
P400A250
P450A450

ARB Processing Temp.
[°C]
400
450
400
450

(a)
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PPT Temp.
[°C]
250
450

PPT Time
[min]
10
10
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(b)

Figure 4.1: Engineering stress – strain curves of the as-received and ARB processed material
at (a) 400 °C and (b) 450 °C.

A direct comparison between the P400 and P450 materials in terms of tensile
strength, uniform elongation, and total elongation is shown in Figure 4.2. It can be seen
that the P450 specimens consistently exhibited higher tensile strength, which ultimately
reached a level that is ~7% higher than that for the P400 specimens after six consecutive
cycles. On the other hand, uniform elongation and total elongation values remained
comparatively similar for the two processing temperatures. After the sharp drop caused
by the first ARB processing cycle, both samples show near-constant total elongation
(~11%) and uniform elongation levels (~3%). The latter is also typical of ARB processed
materials and can be observed in other efforts in the literature [100, 105, 106, 109].
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Figure 4.2: Comparison of tensile strength, total elongation, and uniform elongation of the
samples processed at 400 °C and 450 °C.

4.3.2 – Post-Processing Treatments
The engineering stress-strain curves of the specimens processed at 400 °C and
then followed by a post-process treatment (PPT) at 250 °C for 10 minutes (P400A250)
are shown in Figure 4.3. The corresponding flow curves for the specimens processed at
450 °C and then PPT at 450 °C for 10 minutes (P450A450) are depicted in Figure 4.4. It
can be seen that the general hardening trend is retained after conducting short annealing
of the processed material at warm temperatures. However, when comparing the
corresponding flow curves, they are seen to differ greatly, especially the flow softening
section. The P400A250 specimens displayed a similar trend for strain softening
(increasing with successive cycles) as the P400 specimens (without annealing – Figure 4)
with the exclusion of the sixth cycle. The degree (or slope) of strain softening of the sixth
cycle increased dramatically, nearly double the value of the sixth cycle specimen without

67

Chapter 4 – Effect of Warm Processing and Post-Process Treatments: ARB

post process treatment. As for the P450A450 specimens, they exhibited a decreasing
degree of strain softening with increasing processing cycles until the fifth cycle. Again,
this trend is seen to deviate at high processing cycles (as seen in Figure 4.3 for the
P400A250 specimens), where flow softening increased sharply for the sixth and seventh
cycles.

Figure 4.3: Engineering stress – strain curves of the processed material at 400 °C followed by
post process treatment at 250 °C for 10 minutes.
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Figure 4.4: Engineering stress – strain curves of the processed material at 450 °C followed by
post process treatment at 450 °C for 10 minutes.

To further analyze and explain the material behavior after post-processing
treatment, a direct comparison with the processed material was carried out, for each of
the two temperatures. Figure 4.5 portrays the comparison of tensile strength, uniform
elongation and total elongation between the P400 and P400A250 specimens. The figure
clearly indicates improved tensile strength for the post-process treated material; this
improvement is noted to be consistent (over the entire range in Figure 4.5) and steadily
increasing as the number of processing cycles increases. After six cycles, PPT is shown
to cause a strength increase of ~7% in the ARB-processed material. As for ductility, total
elongation showed some improvement due to PPT; the results indicate a ~10% increase
(despite the discrepancy observed for the sixth cycle). Uniform elongation showed no
apparent difference; that being said, the latter was very small in the first place (~3%) thus
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it is hard to note any impact. Overall, these results agree (in trends – not the exact
magnitudes) with the results reported by Valiev et al. 2003 [104], in which CP-Ti was
shown to experience increase in strength (up to ~30%) and ductility as a result of flash
annealing at 300 °C following SPD by HPT.

Figure 4.5: Comparison of tensile strength, total elongation, and uniform elongation of the
samples processed at 400 °C and following post process treatment at 250 °C for 10 minutes.

The influence of the 450 °C/10 minute PPT on tensile strength, uniform
elongation and total elongation in the material is shown in Figure 4.6. Unlike the previous
case, the material showed an overall decrease in strength throughout the processing
cycles due to the selected treatment. The reduction in tensile strength was approximately
13% when compared to the ARB processed specimens (P450). Total elongation of the
annealed specimens, on the other hand, showed significant increase with respect to the
ARB processed material, with an overall average of ~30%. The latter increase was
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significant enough to show an effect even on the uniform elongation curves, which was
not apparent in Figure 4.5.

The results for this case (P450A450) are consistent with typical annealing
treatments (drop in strength, increase in ductility); this suggests that heating at 450 °C
(for the selected amount of time) is high enough to cause some recovery in the ARB
processed material. However, the PPT in the first case, P400A250, showed the unusual
strength and ductility enhancement reported in the literature

[104]. A detailed

investigation on the effects of PPT, covering a wide range of temperatures, is needed in
order to explain the latter and define its boundaries. That being said, the results of this
study prove that strength and ductility in an ARB processed material can be improved by
post-processing thermal treatment, thus supporting the results obtained for HPT[104].

Figure 4.6: Comparison of tensile strength, total elongation, and uniform elongation of the
samples processed at 450 °C and following post process treatment at 450 °C for 10 minutes.
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4.3.3 – Microstructural Characterization
Figure 4.7 displays the typical structure evolution of ARB material processed at
400 °C. The average grain size (equivalent grain diameter), decreased with successive
processing cycles, and was measured to be 200, 123, and 94 nm after processing by two,
four, and six ARB cycles, respectively. It is seen that the structure is comprised of highly
elongated/filamentary grains/subgrains at low processing cycles and mainly equiaxed
grains with increased processing. In addition, the structure is seen to have a high density
of dislocation defects in the crystalline lattice, which is characterized by the
inhomogeneous contrast within the grain interiors. Fragmentation of the filamentary
grains occurs with further processing, resulting in a subgrain cell structure with low-angle
misorientation. Furthermore, the boundaries between the cells are seen to be blurred or
wavy, indicating that the structure is in high energy non-equilibrium [101], and further
demonstrating that the grain boundaries have low-angle misorientation. After six
processing cycles the misorientation is increased due to progressive rotation of the
subgrains by continuous dynamic recrystallization [102]. However, the grain boundaries
are still not well-defined.

72

Chapter 4 – Effect of Warm Processing and Post-Process Treatments: ARB

Figure 4.7: TEM micrographs observed along the rolling direction of the samples processed at
400 °C for (a) two, (b) four, and (c) six cycles.

No significant grain growth was seen to occur after annealing at 250 °C for 10
minutes of the specimens ARB processed at 400 °C (Figure 4.8). The structure of the
P400A250 specimen after two cycles of processing is similar to that of the non-treated
P400 specimen. This is expected when comparing the mechanical properties of the two
samples (Figure 4.5), where the tensile strength of the P400A250 specimen increased by

73

Chapter 4 – Effect of Warm Processing and Post-Process Treatments: ARB

approximately 3%. However, the P400 specimen after four consecutive ARB cycles
displayed a tensile strength increase by ~7%, which is the maximum percent increase in
strength due to this low temperature short anneal. This strength increase may be
attributed to structural changes in the annealed material, where a portion (though
relatively small) of the structure’s grain boundaries becomes thinner/sharper as a result of
recovery. This portion of the grains with well-defined boundaries is typically below 100
nm in diameter and fairly equiaxed. In addition, these grains have a banded contrast
throughout the grain interior which is characteristic of well-formed grains, thus
suggesting nucleation of new strain-free grains. This is also seen to occur in the
P400A250 specimen after six consecutive ARB cycles, where the subgrain cell structure
also becomes more prominent due to the movement of defects from the interior to near
the cell boundary. However, these boundaries are still not well-defined and remain in
high energy non-equilibrium.
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Figure 4.8: TEM micrographs observed along the rolling direction of the samples processed at
400 °C and following post-process treatment at 250 °C for 10 minutes for (a) two, (b) four, and
(c) six cycles.

The P450 specimens also exhibit an average grain size decrease with successive
cycles (Figure 4.9). The average grain size further decreased from 250 nm after two
consecutive cycles to 120 nm after six continuous cycles. This reduction in grain size is
not as significant when compared to the grain size achieved after processing by 400 °C
(below 100 nm). This increase in grain size, seen during processing at 450 °C, is probably
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due to an increased dynamic and/or static recovery of the structure occurring during
deformation (dynamic) and/or during the preheating of the specimens prior to the roll
bonding process (static), as compared to the lower processing temperature. High
dislocation density is necessary to form dislocation cells and dense dislocation walls
within the structure to aid in progressive grain refinement at subsequent processing
cycles. Thus, a partial recovery of the structure would limit the maximum amount of
grain size reduction possible during ARB processing. This recovery of the structure is
clearly seen by the sixth cycle conducted at 450 °C, Figure 4.9, where a reduction in
contrast is seen within the grain interiors. Furthermore, the majority of grain boundaries
are thinner and more well-defined, with well-formed grains showing a banded contrast at
the boundary as compared to the lower processing temperature samples. This may be
attributed to the increased strength levels of the P450 samples over the P400 samples. It
should be noted that the P450 samples have similar strength levels as the low temperature
short annealed P400A250 samples, which further increased the tensile strength of the
material.
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Figure 4.9: TEM micrographs observed along the rolling direction of the samples processed at
450 °C for (a) two, (b) four, and (c) six cycles.

The structure of the P450A450 specimens also exhibits minimal grain growth
(Figure 4.10). Grain migration is not expected due to the high dislocation density that is
still visible within the grain interiors (designated by variation of contrast). However, it is
seen that the dislocation density within the grain interiors is reduced as compared to the
as-processed samples. During the annealing process, defects within the subgrains move to
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the near subgrain boundaries as seen in the specimen processed by two ARB cycles. The
increase in dislocation density at the grain boundaries results in the structure becoming
more equiaxed in comparison with the highly elongated grain structure that is present
after processing. Analysis of the P450A450 specimen processed by four cycles reveals
that a larger portion (as compared to the P400A250 samples) of grains have a banded
contrast near the boundary, indicating the presence of well-formed grains. These
recrystallized strain-free grains are not only seen to take up a higher percentage of the
structure, as compared the P400A250 samples, but are also slightly larger, indicating the
start of grain boundary migration. The structural changes resulting from the short
annealing may be the cause of the increase in uniform and total elongation of the
untreated samples. These observations demonstrate the important role of dislocation
interactions within the grain and at the boundaries.
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Figure 4.10: TEM micrographs observed along the rolling direction of the samples processed
at 450 °C and following post-process treatment at 450 °C for 10 minutes for (a) two, (b) four,
and (c) six cycles.

4.4- Summary and Conclusions for Chapter 4
Post process treatments were conducted at various temperatures CP-Ti sheets that
had been warm ARB processed at 400 °C and 450 °C. The processed and post processed
material underwent both mechanical testing and microstructural characterization to
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correlate changes between mechanical properties and grain structure. The following was
concluded from the results obtained here:
1. The ARB samples processed at 450 °C exhibited higher tensile strength compared to
the samples processed at 400 °C, with no apparent impact on uniform and total tensile
elongation. Also, the overall mechanical behavior (flow curves) was seen to differ
between the two processing temperatures. Most notably, the rate of strain softening
decreased at the higher temperature.
2. The overall grain size of the 400 °C processed samples was further refined in
comparison to the samples processed at 450 °C, due to increased recovery of the
structure. This demonstrates that high dislocation density is necessary to further refine
the structure throughout processing cycles.
3. Samples subjected to a post processing treatment at 250 °C for 10 minutes (following
ARB processing at 400 °C) exhibited additional increase in overall tensile strength by
~7% by the sixth processing cycle. Furthermore, the total elongation increased by
~10% on average with no significant change to uniform elongation.
4. The samples subjected to a post process treatment at 450 °C for 10 minutes
(following ARB processing at 400 °C) exhibited a significant increase in uniform and
total elongation, averaging ~30% over the range of processing cycles. However, the
tensile strength notably decreased by ~13% when compared to the as-processed
samples.
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5. Grain size was not significantly increased as a result of post process treatment at 250
°C or 450 °C. Dislocation density, on the other hand, was seen to decrease within the
grain/subgrain interiors and increase near the boundaries.
6. The results obtained herein demonstrate the important role of dislocation interactions
within the structure with regard to the overall strength and elongation of the material.
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PART-II
CHAPTER 5 – TEXTURE CONTROL: ISR

Commercial pure titanium sheets were deformed by shear rolling at 400 °C and
subsequent annealing to investigate microstructure and texture evolution along with its
effects on the mechanical properties. A four sheet multilayer rolling scheme was used to
isolate shear strains within the outer sheets, thus, termed isolated shear rolling (ISR).
Furthermore, this technique provides sheets deformed by intense shear strain (outer
sheets) and plane-strain (inner sheets), allowing for comparison between the different
strain paths of the rolled material at similar conditions (e.g. temperature and rolling
reduction). Microstructure and texture were investigated by electron backscatter
diffraction analysis. The texture was seen to evolve from a ±30° transverse direction (TD)
split basal texture to a ±20° TD-split for plane-strained sheets; comparatively, texture
evolved to primarily 〈0001〉//𝑁𝐷 basal texture for the shear-strained sheets.
Recrystallization of the deformed structure, by short-term annealing at 600 °C for 15
minutes, showed good texture stability in the material, where the texture remained similar
to that of the as-processed state, yet at a significant decrease in intensity. The effects on
mechanical properties were evaluated through tensile testing aided by digital image
correlation (DIC). The processed and subsequent annealed material displayed elevated
Lankford values by 97% and 256% on average for the inner (plane-strained) and outer
(shear-strained) sheets, respectively, as compared to the base material. This suggests
greater stretch formability in shear-rolled material by increasing the materials resistance
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to thinning due to rotation of the basal poles to become parallel to the thickness of the
sheet. The results obtained here with isolated shear rolling (ISR) in regards to the effects
of inducing higher shear strains on the rolled material were comparable to those reported
in the literature by differential speed rolling (DSR).

5.1 – Background for ISR Processing
Severe plastic deformation (SPD) techniques are well documented to cause
significant grain refinement and/or textural changes in the material, and have
demonstrated the ability to produce materials with unique physical and mechanical
properties, such as increased strength [85, 86] and/or enhanced stretch formability [110].
The two most prominent SPD techniques are equal channel angular pressing (ECAP) [90]
and high pressure torsion (HPT) [23]; research efforts on these two techniques are
believed to account for nearly 90% of all SPD efforts. In spite of their substantial grain
refinement abilities (down to the nano-scale in some cases [24]); these particular
techniques are highly restricted in terms of the size and shape of samples they are able to
process, thus their potentials for practical applications are limited. Rolling-based SPD
techniques are the most-likely ones to have significant industrial applications, especially
those associated with large continuously-produced sheets. Accumulative roll bonding
(ARB) [27] is a feasible processing technique since it utilizes conventional rolling
facilities, yet it requires numerous processing cycles with cutting/stacking steps that
interrupt the continuity of the process. ARB has been shown to dramatically increase the
strength of materials, by significant grain refinement and increased dislocation density, at
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the expense of uniform and total elongation [30]. Differential speed rolling (DSR) [65,
111], on the other hand, is a continuous process that typically requires one rolling pass to
achieve the desired properties. DSR is an asymmetric rolling process that requires the
rollers to rotate at different speeds, thus, resulting in increased shear deformation within
the sheet. The intense shear deformation in DSR not only accelerates grain refinement,
but also enables some control of textural changes in the processed material [41].

While performing ARB on four sheets (instead of the common two-sheet
arrangement) of commercial pure titanium (CP-Ti), discussed in – Grain Refinement:
ARBChapter 2, it was observed that non-homogenous shear deformation between the
four sheets after the first processing cycle. The outer two sheets displayed higher
intensity of shear deformation as compared to the inner two sheets. Though nonhomogenous deformation was expected and can be attributed to the redundant shear
strains taking place during rolling, the latter typically displays a continuous distribution
throughout the rolled sheets thickness from the surface to the center, with symmetry
about the neutral axis, as demonstrated by other ARB investigations [98, 99]. However,
the results obtained in – Grain Refinement: ARBChapter 2 indicated a discontinuity in
the redundant shear strains, suggesting an “isolation” caused by the possible relative
motion at the interfaces between the multiple layers of the sheet stack; thus this rolling
approach is referred to here as isolated shear rolling (ISR). This approach provides a
processed specimen where the inner layers are primarily deformed by plane-strain
rolling/compression, whereas the outer layers experience additional shear deformation, as
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illustrated by the schematic in Figure 5.1. This method of isolating the shear strains to the
outer two layers can be utilized as an effective means to evaluate the role of shear
deformation on texture evolution with reference to the layers consisting of just planestrain compression.

Figure 5.1: Schematic illustration of isolated shear rolling (ISR) in a four-layer sheet stack.

Shear rolling (primarily achieved through DSR) has demonstrated the ability to
dramatically enhance the stretch formability of materials with hexagonal close-packed
(HCP) crystal structures, especially CP-Ti [39]. Conventionally rolled CP-Ti sheets
exhibits a TD-split basal texture, where the c-axis of the HCP crystal is tilted at
approximately ±30° from the normal direction (ND) along the transverse direction (TD)
of the sheet. It was found that processing CP-Ti sheets by DSR caused an orientation
change from TD-split basal texture to a basal texture where the c-axis aligned parallel to
the ND or thickness direction of the sheet. This textural change was also found to
enhance the stretch formability of the processed sheet, demonstrated by an increased
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Lankford value or r-value. The Lankford value describes the material’s resistance to
thinning and, thus, is directly correlated to the fact that the c-axis is aligned parallel to the
thickness of the sheet, where the HCP crystal has the highest resistance to deformation or
slip along the c-axis. Despite this, processing by DSR increases dislocation density which
leads to a dramatic decrease in uniform and total elongation as compared to the base
material [41, 42]. Therefore, subsequent annealing of the processed material might be
necessary to recover the diminished elongation; yet this should be done without loss of
the induced textural changes and enhanced stretch formability.

To be able to achieve the desired properties of CP-Ti through shear rolling, a clear
understanding of the microstructural and textural evolution due to processing and
subsequent annealing is required with correlation to the mechanical properties. Work has
been carried out on revealing the microstructure and texture evolution during
conventional cold- and warm-rolling, as well as accumulative roll bonding, of CP-Ti with
subsequent annealing [29, 112-114]. However, very limited work has been carried out on
asymmetric rolling for inducing intensified shear strains in CP-Ti, and subsequent
annealing. Huang et al. reported a basal texture developed in CP-Ti after 12 passes of
DSR at 500 °C; however, subsequent annealing at 650 °C for four hours caused the TDsplit texture to return [39, 115]. Nevertheless, they still reported an increased Erichsen
value and r-value in the CP-Ti processed by DSR even after annealing, which was
attributed to a decreased inclination angle of the TD-split texture as compared to the
conventionally rolled material [39]. In another effort that was focused on annealing,

86

Chapter 5 – Texture Control: ISR

Bozzolo et al. [114] conventionally cold-rolled CP-Ti to 80% reduction in thickness and
annealed the material for primary recrystallization at 540 °C for 24 minutes prior to
conducting grain growth experiments. It was determined that the texture after primary
recrystallization remained similar to that of the as-deformed state and modification of the
texture occurred primarily during grain growth. Hence, to preserve the texture obtained
from shear rolling, subsequent annealing time should be kept to a minimum to prevent
grain growth. Another limitation noted in the literature is that mechanical properties of
shear rolled material followed by short-term annealing have not been fully investigated,
to the best of the authors’ knowledge.

In this chapter, we investigate the effects of inducing intensified shear strains in
rolled CP-Ti sheets on microstructural and textural evolution, taking subsequent shortterm annealing at various temperatures into account. Isolated shear rolling was used here
as a simple alternative to asymmetric rolling, such as DSR, and also for the ability to
produce material with/without induced shear deformation in the same experimental
sample. Furthermore, mechanical properties of shear rolled CP-Ti followed by short-term
annealing have not been fully investigated; therefore, detailed tensile testing aided by
digital image correlation (DIC) were used to reveal the impact of induced shear strains on
the mechanical properties of the material, and further understand the relationship between
mechanical and microstructural characteristics.
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5.2 – Material and Experimental Details
The material used in this study was CP-Ti (ASTM grade 2) sheets, 0.5 mm in
thickness. The material was received in the annealed condition with a recrystallized
equiaxed grain structure (average grain size is ~10 µm). The chemical composition of the
material was 0.11 wt% O, 0.05 wt% Fe, 0.003 wt% C, 0.003 wt% N, <0.001 wt% H and
balance Ti.

The isolated shear rolling experimental approach followed in this work is depicted
by the schematic illustration of the multilayer stack in Figure 5.1. Starting sheets were cut
into 30 mm in width and 150 mm in length sheet pieces. Four sheet pieces (2 mm in total
thickness) were stacked to create an ISR sample. Prior to processing, the sheets were
cleaned, stacked and secured with CP-Ti wire around the corners to prevent relative
motion during transferring. Boron nitride powder was applied between the four sheets to
prevent material bonding. The ISR samples were pre-heated to 400 °C for 5 min prior to
rolling, while the rollers were maintained at room temperature. The ISR samples were
then deformed to ~31% reduction in thickness by a single rolling pass. The diameter and
speed of the rollers were identical at 200 mm and 30 rpm, respectively. To maximize the
shear strains imposed on the outer layers of the ISR samples, rolling was conducted under
non-lubricated conditions, thereby insuring large friction at the roller/sample interface.
Furthermore, to evaluate the thermal stability of the resultant texture formed during
processing, specimens from the processed ISR samples were short-term annealed at
temperatures between 300 °C and 600 °C for 15 minutes.
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5.3 – Post-ISR Characterization and Testing
The microstructure and texture of the as-received and processed material were
investigated by optical and electron microscopy. For OM, specimens were imaged under
cross-polarized light, and the observed sections were prepared along the RD-ND plane.
Evaluation of the microstructure and microtexture was obtained using automated highresolution electron backscatter diffraction (EBSD) system, carried out on a Hitachi SU6600 field emission scanning electron microscope (FE-SEM) equipped with an Oxford
Nordlys detector running AZtecHKL software. The EBSD data was reprocessed with
HKL CHANNEL 5 software.

Mechanical properties, on the other hand, were evaluated by tensile and
microhardness testing. Tensile specimens were cut along the rolling direction from each
of the four sheets of the ISR sample by electro-discharge machining (EDM) according to
the ASTM E08 sub-size specimen (25x6 mm gauge section). Tensile tests were
performed at room temperature at 5 x 10-3 s-1 initial strain rate. ARAMIS 5M digital
image correlation (DIC) system was used to measure and track the evolution of the
surface strains during testing. During post-analysis of the strain data, the global strain
was measured based on a 25 mm virtual gauge extensometer. In addition, the r-value of
the material was determined by the evolution of longitudinal and width strains averaged
throughout a small area (6x6 mm) centered over the fracture location. The through
thickness mechanical properties were evaluated on the RD-ND plane using a Newage
HMV2 microhardness tester with a Vickers diamond indenter, at 0.2 kg load and 15 s
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dwell time. Traverses of 11 equally spaced (0.025 mm) strikes were conducted along the
ND of the specimens. A minimum of at least three traverses was used to determine the
mean and deviation at the corresponding distance intervals.

5.4 – Results and Discussion
5.4.1 – Microstructure and Texture Evolution
5.4.1.1 – As-Processed
Figure 5.2 shows optical micrographs of the as-received CP-Ti and ISR processed
material. Due to the symmetry of the processing technique, only two of the four sheets of
the ISR sample are shown here. In this case, sheets 1 & 4 and sheets 2 & 3 are similar and
symmetric about the neutral axis. The brightfield micrograph in the figure reveals the
non-homogeneity of shear deformation among the four sheet layers, where the outer
sheets in contact with the roller display higher intensity of shear deformation as depicted
by the difference in contrast between the inner and outer layers. The close-up polarized
micrographs further emphasize the latter, and clearly show the difference in deformation
mode the material undergoes during ISR. The structure in the outer layer (sheet 1) is
highly deformed and inclined by approximately 50° from the normal axis due to the
intense shearing of ISR. On the other hand, the inner sheet (sheet 2), does not show such
severe shearing; though the structure is deformed compared to the as-received,
deformation has the characteristics of plane-strain compression. When measuring the
thickness of the individual layers after processing, it was found that the inner sheets
underwent slightly higher thickness reduction (~32%) during rolling as compared to the
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outer sheets (~30%). This difference is due to the outer sheets undergoing redundant
work during processing and, thus, increasing its resistance to further deformation relative
to the inner sheets.

Figure 5.2: Polarized optical micrographs of the as-received and processed material showing
the non-homogenous shear deformation within the four layers of the sheet sample.

The EBSD ND orientation color maps of the as-received and processed material
are shown in Figure 5.3. The EBSD map size was 215 μm (along the ND) by 315 μm
(along the RD) with a 0.25 μm step size, which was centered along the sheets thickness
and covers ~70% of the thickness (~40 μm from the sheets top and bottom surfaces).
High angle grain boundaries (HAGB), with misorientation above 15°, and low angle
grain boundaries (LAGB) are marked as black and gray lines, respectively. For the
processed material, LAGB are removed to clearly show the grain orientation, where the
frequency of LAGB increased dramatically due to processing. Large color gradients are
seen within grains of the processed material, indicating large internal distortion of the
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crystals. It can be seen that the outer layer (sheet 1) displays a more deformed and grainrefined structure due to the additional shear strains. The inner sheet layer (sheet 2) does
not show such severe shearing; the deformation is primarily grains elongated along the
RD, owning to a rather homogenous plane strain compression during processing. The
average grain size (equivalent circle diameter), where a grain is defined as an area
enclosed by a continuous HAGB, of the ISR processed material decreased to 7.2 µm and
4.7 µm for the inner and outer sheet, respectively, as compared to 10.3 µm for the asreceived material. Moreover, the textural changes between the as-received and processed
material are evident from the EBSD orientation maps, where the color (red) intensity
increased with processing.

The (0002) pole figures of the as-received and processed CP-Ti are shown in
Figure 5.3. The texture of the as-received material is characterized by TD-split basal
texture with a maximum intensity occurring at ±30° from the ND along the TD. This
texture is typical of as-received recrystallized CP-Ti sheets. After processing by ISR, the
inner sheet was also characterized by a similar TD-split basal texture (Figure 5.3b);
however, the basal pole was tilted at a lower inclination angle of ±20° from the ND
toward the TD. The texture of the outer sheet, on the other hand, displays a
predominantly basal texture, where the maximum intensity of the basal pole occurred
normal to the RD-TD plane or 〈0001〉 parallel to the ND (Figure 5.3c). In addition, a
second textural component was seen to occur approximately -40° from the ND towards
the RD with less intensity. The maximum intensity of the as-received and inner sheet of
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the ISR processed sample remained similar at 7.80 and 7.58, respectively, whereas the
outer sheet of the ISR sample increased to 8.77. When considering the inverse pole
figures observed from the RD, shown on the right side of Figure 5.3, reveals an
orientation of the a-axis parallel to the RD or 〈21̅1̅0〉//𝑅𝐷 for the as-received and inner
sheet of the ISR sample. The outer sheet, on the other hand, displays an orientation of
〈101̅0〉//𝑅𝐷, which is a 30° rotation around the c-axis. Furthermore, the intensity was
seen to weaken with processing, from 4.28 of the as-received state to 3.79 and 1.69 of the
inner and outer sheets, respectively. Comparing the texture of the three specimens
discussed here indicates that the increased shear deformation (experienced in the outer
sheets) rotates the c-axis to become parallel to the ND and rotates the a-axis 30° from the
RD.

The formation of basal texture was similarly observed during DSR or HRDSR
(high-ratio) of CP-Ti at 400 °C, with intensity increasing with speed ratio [41]. In
addition, Huang et al. [39] reported a basal texture developed during DSR processing at
500 °C. However, a TD-split texture remained after processing at room temperature, thus
indicating that the processing temperature is critical for the activation of the basal texture.
Conversely, Kim et al. [42] reported a partial basal texture after processing CP-Ti by
DSR at room temperature with a 63% reduction in thickness. It is expected that this
partial basal texture was developed due to adiabatic heating during the relatively large
deformation when compared to the work by Huang et al., where a 67% reduction in
thickness was achieved through 12 passes. Therefore, it is possible that the processing
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temperature used here (400 °C) was also a major contributor to the development of the
basal texture and not just the increased shear deformation. Overall, it is important to note
that the texture evolution when processing by ISR is similar to that of DSR.

Figure 5.3: EBSD ND orientation color maps and corresponding (0002) pole figures
(stereographic projection) and inverse pole figures observed from the RD of the (a) as-received
material and the (b) inner and (c) outer sheets of the ISR sample.

The distributions of grain boundary misorientation, determined from the EBSD
data, for the as-received material and ISR inner and outer sheets are shown in Figure 5.4.
The as-received material exhibits a fairly uniform distribution with slight peaks at 65°,
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77° and 85° corresponding to grains belonging to basal fiber, {112̅2}〈112̅3̅〉 compressive
twin, {112̅4}〈224̅3̅〉 compressive twin and {101̅2}〈101̅1̅〉 tensile twin systems,
respectively. When processing by ISR, the fraction of LAGB increased to ~70% and
~78% for the inner and outer sheets, respectively, as compared to ~10% of the asreceived material. Moreover, distinct peaks developed for the ISR material with preferred
misorientation angles at 30°, 65° and 85°. However, the fraction of {112̅2}〈112̅3̅〉 65°
compressive twin and {101̅2}〈101̅1̅〉 85° tensile twin systems where seen to be reduced
for the outer sheet when compared to the inner sheet, even though the inner and outer
sheets experienced similar thickness reduction after processing. This trend has been
reported earlier during symmetric rolling [30, 116-118], asymmetric rolling [115] and
compression testing [119, 120] of CP-Ti. Where extensive twinning occurs during low
levels of strain/rolling reduction (approximately below 30%) and then is seen to
significantly decrease thereafter due to increased dislocation slip. Therefore, comparing
the inner and outer sheets of the ISR sample suggests that increased shear strains promote
dislocation slip to accommodate the increased deformation.
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Figure 5.4: Grain boundary misorientation distributions for the (a) as-received material and
the (b) inner and (c) outer sheets of the ISR sample (LAGB: low angle grain boundaries with
less than 15 ° misorientation).
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5.4.1.2 – Through Thickness Uniformity
The uniformity of the texture was further examined throughout the thickness of
each of the inner and outer sheets processed by ISR. The texture was determined via
EBSD at three selected locations within the top third, middle third and bottom third of the
sheet layers. The EBSD map size was 75 μm (along the ND) by 225 μm (along the RD)
with a 0.25 μm step size. The resultant (0002) pole figures taken at the selected locations
for the inner sheet are shown in Figure 5.5. The inner sheet exhibits a split TD texture
similar to that describe earlier, however, near the top of the sheet the texture intensity
increases and the c-axis becomes closer to becoming parallel to the ND. This suggests
that the material near the surface, in contact with the outer layer, experience some shear
deformation. Close examination of optical micrographs for the inner sheets (similar to
that shown in Figure 5.2) showed that only some portions appeared to have slight shear
deformation near the top surface, thus indicating regions where the inner and outer sheets
experienced stick-slip behavior during rolling. The texture uniformity of the outer sheet,
shown in Figure 5.5, displays a trend from the bottom to the top. The principle textural
component of the basal pole is aligned parallel to the ND and a second less intense
component is seen to occur at ~40° from the ND to the negative RD, with increasing
intensity near the top of the sheet. This second textural component was also seen to occur
in the (0002) pole figure of the outer sheet (Figure 5.4) described earlier, where the scan
size covered ~70% of the sheets thickness.
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(a)

(b)

Figure 5.5: (0002) pole figures (stereographic projection) of the inner and outer sheet layers
within the (a) top third, (b) middle third and (c) bottom third.
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This trend of the secondary textural component seen in the outer sheet may be due
to shear reversal that occurs near the surface of symmetrically-rolled sheets. Shear
reversal occurs when the frictional forces acting on the sheet reverse directions at the
neutral point (identical for the upper and lower surfaces). Before the neutral point the
material is moving slower than that of the rolls, thus, the material is sheared in the RD.
Conversely, after the neutral point the material is moving faster relative to the rolls which
causes shear deformation towards the negative RD or shear reversal. This reverse shear
deformation is much smaller in magnitude, than that of the shear deformation in the RD,
due to a small thickness change after the neutral point. This effect was demonstrated by
Kamikawa et al. [99] during ARB (symmetric rolling) of two layers with an imbedded
pin to measure the amount of redundant shear strains.

During asymmetric rolling, on the other hand, the location of the neutral point is
changed. In the case of asymmetric rolling where the rollers are different diameters, the
surface in contact with the larger roll shifts the neutral point towards the exit and the
other surface (in contact with the smaller roll) is shifted towards the entrance [121]. As a
result, shear reversal occurs near the surface in contact with the smaller roll and, thus,
through thickness texture gradients have been observed in steel [122] and aluminum
[121] at certain rolling conditions. Interestingly, Kim et al. [123] deformed magnesium
alloy AZ31B by asymmetric rolling and observed that the texture weakened with an
increased spread in the TD and a slight basal tilt in the –RD at the surface in contact with
the smaller roll or the surface that experienced shear reversal. This is similar to the results

99

Chapter 5 – Texture Control: ISR

in this study, where the second basal textural component tilted in the –RD occurred near
surface where shear reversal is expected to occur (Figure 5.5). Nonetheless, the
maximum intensity of the basal pole occurred normal to the ND, which was desired for
this study.

5.4.1.3 – Annealed Material
To evaluate the short-term annealing behavior of the ISR material, specimens
were annealed between 300 °C and 600 °C (at 100 °C intervals) for 15 minutes. This
resulted in three distinct annealing stages corresponding to recovery, partially
recrystallized and fully recrystallized microstructures. The aforementioned is examined
through the EBSD ND orientation color maps for the inner and outer sheets shown in
Figure 5.6a, as well as the grain boundary misorientation distributions shown in Figure
5.6b (for the outer sheet only). At 400 °C, the material shows signs of recovery, noted
here by increased indexing in the EBSD maps, and confirmed later in section 5.4.2.2 by
the partially restored mechanical properties. Note that the fraction of LAGB in Figure
5.6b remained elevated at ~72% when compared to the as-processed state at ~78%
(shown earlier in Figure 5.4c). When increasing the temperature to 500 °C, nucleation of
dislocation-free grains is observed, with a higher fraction of recrystallized grains
occurring within the outer sheet, as compared to the inner sheet, due to increased driving
force from the additional shear strains. The onset of recrystallization can be also sensed
through the notable decrease in the fraction of LAGB in Figure 5.6b (to ~50%). While
partial recrystallization is seen to occur throughout the thickness of the outer sheet, it is
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predominantly confined to the top region of the sheet (in contact with the roller) due to
the non-homogenous strain distribution (as indicated earlier in Figure 5.5, and further
confirmed later through microhardness measurements). Increasing the temperature
further to 600 °C resulted in a fully recrystallized microstructure consisting of equiaxed
grains with minimal grain growth. The resultant average grain size after full
recrystallization was measured to be 7.3 μm and 6.9 μm for the inner and outer sheets,
respectively, as compared to 10.3 μm for the as-received material. On the other hand, the
fraction of LAGB further decreased to ~6%, which is less than that of the as-received
material with ~11%, with a distribution peak occurring at 30° (similar trend was observed
with the inner sheet). This trend of the grain boundary misorientation distribution is
similar to the results obtained by Huang et al. [115] when annealing CP-Ti after DSR at
650 °C for four hours.
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Figure 5.6: EBSD ND orientation color maps of the (a) inner and outer sheets annealed at 400
°C, 500 °C and 600 °C for 15 minutes along with the (b) grain boundary misorientation
distributions of the outer sheet.

To further reveal textural changes due to short annealing, the corresponding
(0002) pole figures for the inner and outer sheets of the ISR sample are shown in the
same sequence in Figure 5.7. It can be seen that the texture and its intensity remained
similar to that of the as-processed state during the early stages of annealing. The inner
and outer sheets exhibited a stable intensity, between the as-processed state and short
annealing up to 500 °C, at ~7.6 and ~8.8 on average, respectively. Conversely, after full
recrystallization at 600 °C the intensity was seen to decrease by almost 40% to 4.85 and
5.44 for the inner and outer sheets, respectively. Apart from the decrease in intensity, the
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texture is seen to remain similar to that of the as-processed state. Where the maximum
intensity of the inner sheet still occurs at ±20° from the ND to TD and the basal pole of
the outer sheet is still parallel to the ND; a larger spread is seen in the orientation. This
suggests that slight grain rotation occurred during the initial stages of recrystallization of
the processed material.

Figure 5.7: (0002) pole figures (stereographic projection) of the inner and outer sheets
annealed at 400 °C, 500 °C and 600 °C for 15 minutes (determined form EBSD data in Figure
5.6).

Overall, the results shown in this section suggest that short annealing at 600 ºC
does not fully recover the microstructure of the as-received materials; it rather yields a
slightly more refined microstructure with a texture similar to that of the processed
material.
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5.4.2– Mechanical Properties
5.4.2.1 – As-Processed
After investigating the impacts of ISR processing and annealing on the
microstructure of the material, and particularly highlighting the effects of isolating the
shear strains during deformation, we turn the attention to the effects on the mechanical
properties of the material. The engineering stress-strain curves of specimens extracted
from each of the four layers of the ISR sample, with reference to the as-received material,
are shown in Figure 5.8. The consistency of the curves corresponding to the two inner
sheets (2 and 3), alongside the consistency of the curves of the two outer sheets (1 and 4),
validate the symmetry of sheet properties during ISR (as presumed earlier) and supports
the repeatability of the obtained results. More importantly, the curves in Figure 5.8
clearly confirm the substantial differences in mechanical properties caused by the
additional shear strains imposed on the outer sheet layers in ISR. The average tensile
strength (TS) of the inner two sheets is 579 ± 2.4 MPa, while the outer two sheets have an
average TS of 673 ± 2.8 MPa; these results correspond to an increase of ~36% and ~58%
in TS, respectively, when compared to the as-received material (TS of 425 ± 3.3 MPa).
The additional shear strains imposed on the outer layers by ISR were shown to cause
further grain refinement and increased dislocation density in the material (section 5.4.1);
this is detected here by the higher stress-strain curves and enhanced tensile strength. The
thickness of the individual sheets was measured after processing, and it was found that
the inner sheets underwent slightly higher thickness reduction (~32%) during rolling as
compared to the outer sheets (~30%). This difference is due to the outer sheets
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undergoing increased shear deformation during processing and, thus, increasing its
resistance to further deformation relative to the inner sheets.

Figure 5.8: Engineering stress-strain cruves of the as-received and processed material (ISR).

Furthermore, the flow curves of the as-received and processed material are seen to
differ greatly. Unprocessed CP-Ti shows a curve with a typical strain hardening portion
that peaks near 10% elongation, which is near 40% of the entire domain. After peaking,
the curve denotes that the material is plastically deforming at near constant flow stress
level, and even slight softening that persists for almost an additional 40% of the domain,
before undergoing what appears to be unstable deformation (macroscopic necking) that
leads to failure. The flow curves of the ISR processed material, on the other hand,
distinctly show strong softening that follows a very early peak in the flow stress. Most of
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the deformation is non-uniform or unstable, with the uniform elongation portion covering
less than 3% plastic strain. That being said, the material is clearly able to sustain very
large localized elongation after the peak stress. Note how the total nominal strain in the
processed material is 10-13%, which means that the non-uniform strains represent >80%
of the entire deformation domain. This will be further examined by digital image
correlation (DIC) analysis later in this chapter.

In addition to tensile testing, microhardness testing was conducted to evaluate the
through thickness mechanical properties of the ISR material; the results were obtained
along the ND on the RD-ND plane are shown in Figure 5.9. The through thickness
hardness of the inner sheet (sheet 2) is near constant, while the outer sheet (sheet 1)
displays a linear trend in hardness between the outer surface and the surface in contact
with the inner sheet. These results indicate that the average hardness of the inner and
outer sheets increased to 1907 MPa and 2130 MPa, respectively, as compared to 1526
MPa for the as-received material. This corresponds to a hardness increase of ~25% and
~40% for the inner and outer sheets, respectively. The inner sheet’s uniform hardness
confirms that deformation is predominantly plane-strain compression with shear strains
being mostly isolated to the outer sheets during ISR (as presumed earlier). However, the
linearity of hardness within the outer sheet reveals that shear deformation is not as
uniform as idealized in the schematic in Figure 5.1 and Figure 5.9; rather, it is nonuniform with increasing intensity as we move towards the outer surface (in contact with
the rollers). Evidence in support of this was alluded to in earlier results where increased
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shear deformation was seen to occur near the top of the outer sheet causing elevated
dislocation density (Figure 5.4 and Figure 5.6) and further grain rotation (Figure 5.5).

Figure 5.9: Through thickness microhardness of the as-received and ISR processed inner and
outer sheets.

5.4.2.2– Annealed Material
The true stress-strain curves of the ISR material annealed between 300 °C and
600 °C for 15 minutes, with reference to the as-received and as-processed material, are
shown in Figure 5.10 and Figure 5.11 for the outer and inner sheets, respectively. Parts
(b) of the two figures show tensile strength, uniform and total elongation plotted as a
function of processing state. The results show the expected general trend of drop in
tensile strength with increase in uniform and total elongation as the annealing
temperature increases. Nevertheless, several observations shall be pointed out here.
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Annealing at 300 °C shows no improvement in the processed material’s uniform
elongation; rather, high strain softening behavior is noted in both cases and even an
appreciable drop in tensile strength for the shear strained material (outer sheet). However,
annealing at 400 °C yields an appreciable improvement in the material’s uniform
elongation without a notable compromise to the tensile strength. In fact, the inner sheet
exhibits an increase in both uniform elongation and strength. While the results of
annealing at this particular temperature are not fully understood, they agree with the
results obtained in earlier studies on SPD of CP-Ti and subsequent annealing at similar
temperatures [71, 103]. With increased annealing temperature, the aforementioned trend
(drop in strength and increase in tensile ductility) continues. At 600 ºC, where it has been
already established that the microstructure is fully recrystallized (Figure 5.6), the stressstrain curves confirm that the material properties return back to near the as-received
material state. The inner sheet shows an overall upward shift in all the annealed stressstrain curves, including the one at 600 ºC, which seems to correspond to the same
observation made in regards to 400 ºC. Overall, the mechanical and microstructural
results suggest that favorable properties can be obtained by processing followed by heat
treatment (such as those obtained at 400 ºC). Even after full recrystallization, the material
exhibits slight improvement in properties over the as-received one, with a stable refined
microstructure and stable modified texture. The exact implications of the permanent
changes to the texture are further explored in the following section.
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(a)

(b)

Figure 5.10: (a) Engineering stress-strain cruves of the annealed inner sheets and (b)
corresponing plots of tensile strength and elongation as a function of processing state.
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(a)

(b)

Figure 5.11: (a) Engineering stress-strain cruves of the annealed outer sheets and (b)
corresponing plots of tensile strength and elongation as a function of processing state.
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5.4.3 – Deformation Analysis using Digital Image Correlation
5.4.3.1 – Strain Maps
To further examine the deformation and stretch formability of the material, in-situ
digital image correlation (DIC) analysis was used to evaluate the evolution of surface
strains in all tensile tested specimens. DIC provides a powerful tool for closely examining
material deformation, and the effects of processing and annealing, beyond what can be
inferred from the stress-strain curves presented earlier. The attention is focused in this
sub-section on the outer sheets within the ISR sample. Figure 5.12 shows a direct
comparison between the evolution of strain maps for the (a) as-received material, (b)
outer sheet layer after ISR processing and (c) then after annealing at 600 °C for 15
minutes. The local true strain scale is portrayed to the right for each respective processing
state (color bar), while the evolution of strain maps is marked by tagging each image by
the engineering global strain value as measured via a virtual extensometer with 25 mm
gage length (note: all the stress-strain curves presented earlier were plotted using the
same virtual extensometer). An overall comparison reveals differences in material
behavior among the three cases, in regards to strain accumulation, necking initiation, and
ultimately neck progression to failure. The as-received material shows a uniform
accumulation of strains across the specimen throughout most of deformation history, with
diffused necking becoming apparent in the last stages leading to failure. The processed
material in (b) shows, expectedly, a remarkable deviation from (a) characterized by high
strain localization along two interesting shear bands early on; in spite of this, the
localized deformation is sustained for a significant portion of deformation history until
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failure. The annealed ISR material in (c) shares overall similarity in behavior with the asreceived material, yet with stronger diffused necking.

Figure 5.12: Image series of local major strain evolution during tensile testing of CP-Ti at
various conditions: (a) as-received material, (b) outer sheet after ISR processing and (c) outer
sheet after annealing at 600 °C for 15 minutes. The color coded scale bars show the localized
true major strains. The values listed below the images represent the global strain based on a
virtual extensometer with 25 mm gage length.
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Using the same scale for all strain maps was necessary for this general
comparison in Figure 5.12; though it provides a frame of reference for the comparison,
particularly for highlighting the evolution of necking, it also masks many details about
deformation especially in the early stages. To closely examine the DIC results and reveal
more details about the difference between the three cases, particularly between (a) and (c)
since their stress-strain curves are similar, four strain maps from each of the three cases
were selected and plotted with their individual scale bars in Figure 5.13. As noted, the
four maps were selected at key points along the stress-strain curves of the material, with
the red circle corresponding to the ultimate strength point. It is important to note here that
other than rescaling the color bars for each map, nothing else has changed with respect to
the earlier maps in Figure 5.12; specimen size, field of view, facet size and facet spacing
are all the same (the latter is very critical in assuring accurate and fair comparison).
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(a)

(b)
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(c)

Figure 5.13: Close-up on four strain maps at selected locations along the stress-strain curve
for the: (a) as-received material, (b) outer sheet after ISR processing and (c) outer sheet after
annealing at 600 °C for 15 minutes.

The first strain map in Figure 5.13a shows extensive ±45° shear banding that
occurs uniformly throughout the gage section of the material. This homogeneous banding
reflects the uniform deformation which corresponds to the hardening portion of the
stress/strain curve (~35% of the curve). Beyond the ultimate strength point, banding starts
showing the first signs of deviation from uniform to non-uniform, as demonstrated by the
second strain map, thus initiating an early diffused neck. The latter progresses slowly and
sustains for a significant portion of the material’s deformation history, as indicated by the
third strain map at ~20% global nominal strain, where the material exhibits a large
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diffused neck with good deformation uniformity over half the specimen’s gage length.
This behavior, unique to CP titanium, corresponds to the near-flat yet slightly-softening
portion of stress-strain curve (between ~10% and ~21%); DIC confirms that the material
is undergoing non-uniform deformation, yet the deformation is so stable that fracture is
not in sight even after ~40% of the stress-strain curve (greater than the stable hardening
portion). Afterwards, strain localization (with a corresponding rapid drop in the stressstrain curve) evolves at a higher rate, showing initial signs of a dominant shear band at
~25% elongation, as depicted from the last strain map in Figure 5.13a, which ultimately
leads to failure.

For the ISR processed outer sheet, on the other hand, Figure 5.13b shows that
deformation is not uniform even within the early stages of deformation, as clearly
demonstrated by the first strain map at ~1.5% global nominal strain. This is believed to
be caused by the rolling process during ISR; the small sample size and other factors in an
experimental setup induce non-homogeneities in the rolled material, such as those seen
earlier in the microstructural results, as well as processing defects. Even if small, in the
highly strained structure of the ISR material, these microstructural non-homogeneities
and defects lead to the non-uniform macro-behavior revealed here by DIC. After the
ultimate strength point, deformation is clearly localized in the form of several shear bands
covering a favorable region within the gage length. As deformation continues, strain
localization is driven into two major intersecting shear bands which continue to grow
until failure along the dominant of the two. It is intriguing to notice here the extent of
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deformation the material undergoes (~10% total global strain) in spite of the high strain
localization and the formation of the shear bands early on. This is believed to be driven
by CP-Ti and its unique behavior (stability of post-ultimate point deformation)
highlighted in the as-received material in Figure 5.13a; it is noted here with a straight
softening portion of the stress-strain curve, covering nearly 60% of deformation domain,
before its rapid drop close to failure. These results indicate a high resistance to necking in
CP-Ti, even in the processed state.

For the annealed ISR material, strain field evolution in the hardening regime is
generally similar to that of the as-received material, yet it does not show the highly
uniform distribution of banding across the gage length, as revealed by the first strain map
in Figure 5.13c. Strain localization, although minute, is still noted in the map, and could
be driven by the traces of deformation non-uniformity and/or defects during ISR
processing that were not completely removed by annealing. After the ultimate strength
point, the strain maps look similar to those in (a), except that the diffused neck is larger
and stronger. This can be also seen in the direct comparison in Figure 5.12; while diffused
necking is only clearly noted at ~22.5% global strain in the as-received material, one can
see the onset of necking in the annealed ISR material as early as ~15%. Since the
material accumulates comparable levels of global axial strains in both cases, the larger
extended diffused neck in (c) is an indication of stronger resistance to necking tendency.
Finally, the fact that the processed only material in (b) showed also high resistance to
necking alludes to this being caused by ISR processing; however, since the strain maps
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and stress-strain curves do not provide a quantitative measure of this tendency, we will
examine this point further in the last section through the measurement of the Lankford
Coefficient.

5.4.3.2– r-value
Having the full-field of major (longitudinal) and minor (transverse) strains across
the tensile specimens, DIC was used to extract the evolution of Lankford coefficient (rvalue) with plastic strain. The results for the as-received material and that processed by
ISR are shown in Figure 5.14, where the r-value is plotted against the nominal global
engineering strain. It can be seen that the general trend of evolution in the r-value for all
samples is similar; a strong increase with plastic strain reaching an early peak, followed
by a gradual decrease. The occurrence of the peak corresponds to the point at which the
material undergoes non-uniform deformation. As a result, the processed material displays
a decrease in the r-value at an accelerated rate, compared to the as-received material, due
to higher strain softening, as depicted from the earlier stress/strain curves. Apart from the
trend, a quantitative comparison between the three curves reveals a significant impact of
ISR processing, and the effects of shear straining in particular. While the as-received
material exhibits a maximum r-value of ~1.7, the ISR material shows a considerable
increase in the r-value reaching a maximum of ~3.6 (~112% improvement) and ~7.3
(~330% improvement) for the inner and outer sheets, respectively. This improvement,
which implies a higher resistance to thinning of the ISR material, can be directly
attributed to the re-alignment of the c-axis becoming parallel to the ND of the sheet due
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to ISR processing, as uncovered earlier in Figure 5.3. Moreover, the results in Figure 5.14
clearly reveal the direct impact of the shear component of deformation during ISR
processing; note the significant jump in the r-value for the outer ISR sheet in comparison
with the inner ISR sheet, despite the fact that they underwent equivalent amounts of
plane-strain compression. When compared with the plane-strain deformation alone,
which is reflected by the shift in the r-value curves between the inner ISR sheet and the
as-received material, it is apparent that the shear component of deformation during ISR
processing is stronger and has greater impact on the material properties. Beyond the
direct implications of higher resistance to thinning (in tensile deformation), the greater rvalues are indirectly associated with improved stretch formability (in biaxial
deformation). It is therefore evident here that the high concentrations of shear strains
induced within the outer sheets by ISR improves the stretch formability of the material, in
spite of the lower tensile ductility reported earlier in Figure 5.8, and attributed to the
significant increase in dislocation density due to processing. DSR was also shown to have
similar effects on the material, in the effort of Huang et al. 2010; the increased r-value
yielded higher stretch formability as characterized directly by the Erichsen test [39].
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Figure 5.14: Evolution of r-value for the as-received and ISR processed material.

To reveal the effects of annealing after processing, the evolution in r-value curves
for the ISR processed outer and inner sheets that were annealed between 300 °C and 600
°C for 15 minutes, are shown in Figure 5.15a and Figure 5.15b, respectively. The curves
corresponding to the as-received and as-processed material are also shown in the figures
for direct comparison. After short annealing, the evolution in r-value remained similar
between the annealed and as-processed material. However, deviation of the maximum rvalue was seen between the processed and annealed material for the respective sheet
location. Furthermore, there was no trend seen to occur due to varying annealing
temperatures. For example, the inner sheet specimens (Figure 5.15a) exhibited a decrease
in r-value with annealing temperature then a sudden increase at 500 °C, to over that of the
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as-processed, followed by another drop. Nevertheless, the range of maximum r-value was
between ~2.8 to ~3.9 for the inner sheet samples and between ~4.8 to ~7.3 for the outer
sheet samples. It should also be noted that the r-value ranges of the as-received, inner
sheets and outer sheets, regardless of processing state, do not intersect. Therefore, it can
be stated that after short annealing the r-value remains enhanced even after
recrystallization of the material. This is confirmed with the texture stability discussed
earlier, where the intensity decreased slightly after annealing at 600 °C for 15 minutes.
By considering the mid-range value, the average r-value for the inner and outer sheets is
~3.4 and ~6.1, respectively, which corresponds to ~200% and 356% the r-value for the
as-received material. Finally, the higher r-value measurements obtained here confirms the
high tendency of the processed material to resist necking, as observed earlier in Figure
5.12 and Figure 5.13.
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(a)

(b)

Figure 5.15: Evolution of r-value for the annealed ISR processed (a) inner sheets and (b) outer
sheets with reference to the as-received and as-processed material.
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5.5- Summary and Conclusions for Chapter 5
The isolated shear rolling (ISR) approach presented here was shown to
successfully impose plane-strain deformation on the inner sheets while isolating
redundant shear strains to the outer sheets of the processed CP-Ti material stack during
symmetric rolling. As a result, ISR provides an effective scheme to evaluate the role of
shear deformation on microstructural and mechanical properties with reference to planestrain deformed materials. Furthermore, ISR was shown be to as effective as asymmetric
rolling techniques during processing materials by intense shear strains.

Compared to plane-strain compressive deformation (in conventional rolling), the
effects of redundant shear strains on the deformed CP-Ti can be summarized as follows:


Plane-strain deformation causes texture evolution from a ±30° transverse
direction (TD) split basal texture to a ±20° TD-split; shear deformation causes
further rotation of the basal pole to primarily 〈0001〉//𝑁𝐷 basal texture.



Both plane-strain deformation and shear deformation cause significant increase in
the fraction of LAGB (from ~10% to ~75%); the fraction of {112̅2}〈112̅3̅〉 65°
compressive twin and {101̅2}〈101̅1̅〉 85° tensile twin systems are lower for the
shear strained material suggesting the promotion of dislocation slip to
accommodate the increased deformation.



While plane-strain deformation was found to cause ~36% increase in the tensile
strength of the as-received material; shear deformation caused an additional ~22%
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increase. Shearing during rolling can significantly amplify the effects of the
process on the strength of the material.


Plane-strain deformation caused ~112% increase in the r-value of the as-received
material; shear deformation caused an even stronger increase of ~330%. Despite
the direct drop in tensile ductility that accompanies strengthening, shearing during
rolling causes a significant improvement to the biaxial stretch formability of the
material as implied by the much higher r-value.

In addition to the above, annealing after processing imposes changes to the
microstructure, texture and, thus, mechanical properties of CP-Ti, all of which were
found to be dependent (alongside the annealing parameters) on the type of deformation
imposed on the material during processing (plane-strain compressive versus shear
deformation); a summary of these effects is:


As the annealing temperature increases for the same duration, the microstructure
of the material was seen to undergo different stages of recovery, partial
recrystallization and full recrystallization; the latter was achieved at 600 ºC for 15
minutes.



After full recrystallization at these annealing conditions, the microstructure did
not fully return to the as-received condition; rather, a stable slightly more refined
grain structure with a texture similar to that of the processed material was
obtained. The effects of shear deformation, over plane-strain deformation, on the
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microstructure of the material were not erased due to annealing; the shear-strained
material still had a finer grain structure and maintained a basal texture.


The macro stress-strain behavior and mechanical properties were almost
completely recovered to the as-received material state as a result of full annealing;
the recovery was found to be faster for the shear-strained material.



The r-value remained at a very high level (compared to the as-received material)
after full annealing, thus suggesting a permanent improvement in stretch
formability due to the processing/annealing route followed in this study. The
shear-strained material maintained a higher level than the plane-strained material.

Detailed analysis of tensile material deformation using digital image correlation
(DIC) analysis revealed a unique ability of the as-received CP-Ti to resist necking, even
beyond the ultimate strength point on the stress-strain curve. DIC analysis also confirmed
that processing increases the material’s tendency to resist necking by developing stronger
diffused necking behavior, and this tendency is not eliminated by annealing.

Overall, the results presented here agree with those reported in the literature
(when applicable) on the effects of shear deformation on the microstructure, texture and
mechanical properties, as a result of the shear deformation obtained by asymmetric
rolling techniques.
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PART-III
CHAPTER 6 – GRAIN REFINEMENT AND TEXTURE CONTROL:
FSBE

A new manufacturing approach in which the friction stirring phenomenon is used
as a vehicle for facilitating the deformation of bulk lightweight materials into
manufactured components has been recently introduced under the general concept of
“bulk friction stir forming”. In a preliminary work, the concept was applied to the back
extrusion process, in what was referred to as “friction stir back extrusion” or FSBE; it
was shown that the concept is practically valid and FSBE is capable of producing
lightweight tubular specimens. Nevertheless, the FSBE process was claimed to have
several merits over conventional processes, mainly: (i) unique process capabilities and
energy efficiency (ii) significant grain refinement, and thus (iii) favorable mechanical
properties in the formed tubes. None of these claims were adequately addressed nor
quantified in earlier work. Therefore, this work presents a comprehensive study that aims
to reveal the true merits of FSBE, validate the claims, and quantify its effects on the
microstructure and mechanical properties of the deformed material. The outcomes of the
study are presented in three major parts, each addressing one of the abovementioned
claims. Force, torque and power measurements during FSBE experiments are used to
address the first claim. Detailed optical microscopy and electron back scatter diffraction
work is carried out in the second part to quantify the changes to the grain structure and
texture of the material. Finally, the third part presents detailed mechanical
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characterization using digital image correlation to quantify the effects of FSBE on the
performance of the produced tubes.
6.1 - Background for FSBE
There is no doubt that the “friction stir” phenomenon has gained significant
scientific and application attention ever since its inception in 1991 [124]. First used as a
joining technique, friction stir welding (FSW) deviated from existing techniques by
opening the doors for “solid state” spot and line welding, where no melting is required for
creating the joint. The rotating tool generates friction that heats the material and increases
its malleability, while stirring it to create the joint [43]. But it was not the melt-free
welding that attracted attention; rather, it was an array of other unique merits, including:
its high energy efficiency, deep single-pass penetrations, and its ability to join metals that
are conventionally hard-to-join (particularly aluminium alloys, and later magnesium and
titanium alloys). More importantly, it was discovered that friction stirring causes
significant grain refinement and homogenization to the microstructure of the material,
which later became a trade mark for all subsequent friction stirring operations.

If friction stir welding (FSW) started a revolution in 1991, then it is probably fair
to say that a second revolution was born nearly a decade later when Mishra et al. 2000
exploited grain refinement in friction stirring, and took it out of the context of welding
and into the area of material processing [125]. In that early work, the authors
demonstrated how grain refinement through what is called from thereon “friction stir
processing” (FSP) can be used to enhance the superplastic behavior of the processed
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material. This was important not because FSP simply capitalized on grain refinement, but
rather introduced the grander idea of taking friction stirring and using it as a tool for
controlled microstructural modification and manipulation. This is evident from the long
line of investigations and developments over the past decade, including the use of friction
stirring for casting modification [126], channeling [127], surface and nano-composites
[128, 129], surface modification of porous metals [130], and texture development [131,
132].

Another decade following FSP, a new friction stirring concept/approach has
emerged; this time, it is a “manufacturing” approach in which the friction stir
phenomenon is used as a vehicle for facilitating the deformation of bulk material [133].
We refer to this approach as “bulk friction stir forming” (BFSF), and it can be viewed as
a hybrid between friction stirring and conventional manufacturing processes. To validate
the proposed approach, a selected form, “friction stir back extrusion” or FSBE, was
considered in an earlier preliminary work [74, 134]. A schematic of FSBE is shown in
Figure 6.1. As depicted, the extrusion ram rotates as it plunges into the material, thus
introducing friction at the tool/material interface to heat and soften the material, and ease
its flow around the tool to form a tube. In that early work, FSBE was validated by
showing that it is indeed capable of producing tubes as described. Also, optical
micrographs showed that grain refinement is clearly noted in FSBE tubes [74, 134].
Nevertheless, the work was a preliminary study that lacked the detail and quantification
needed to fully validate FSBE and understand its impact on the deformed material.
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Moreover, we claimed that FSBE has several merits over conventional processes (merits
analogous to those of FSW and FSP), yet those merits were not truly nor adequately
revealed. The latter will be addressed in the current detailed study, which will be
presented in three major parts each focusing on one of the prime merits of FSBE (thus the
whole BFSF approach):
(i) Section-I: the unique capabilities of the FSBE process and its energy efficiency,
(ii) Section-II: its ability to produce tubes with refined microstructure and, thus,
(iii)Section-III: favorable mechanical properties / performance.

Figure 6.1: A schematic of the friction stir back extrusion (FSBE) process.
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The BFSF approach is believed to be of most value with lightweight materials,
such as aluminium, magnesium and titanium alloys. Magnesium alloys in particular
provide the perfect material for investigating the true capabilities of the FSBE process
(and the BFSF approach), due to their inherent poor ductility and deformation
characteristics at ambient temperatures. Therefore, we focus the attention here on the
AZ31B commercial magnesium alloy.

6.2 – Section-I: Evaluation of the FSBE Process
6.2.1– FSBE Experimental Setup
To manufacture tubes by FSBE, and to enable the measurement of particular
process outputs of interest, the experimental setup depicted by Figure 6.2 was
constructed. The tube forming portion is simply comprised of a stirring tool and an
extrusion die, similar to the schematic in Figure 6.1. The stirring tool is a hardened and
polished H13 tool steel rod, with a slight taper (~10º) at its end and a small fillet radius
(~1 mm) to ease material penetration (note the exploded view). The extrusion die is
constructed from two pre-hardened P20 tool steel halves to facilitate extracting the
formed tubes. Three cross dowel pins ensure the alignment of the two halves. Two set
screws near the bottom of the die cavity secure the material sample and prevent it from
rotating with the stirring tool. While the extrusion die cavity was fixed at Φ=19.05 mm,
three tool sizes were considered (Φ=11.11 mm, 12.7 mm and 14.29 mm) to generate tubes
of various wall thicknesses.
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Figure 6.2: Experimental setup used to form tubes by FSBE.

The tube forming setup was placed within an OKUMA MB 46VAE Vertical
Machining Center, which was used to perform the FSBE experiments. The extrusion die
was secured to a clamping vice; the latter was mounted atop a (AMTI MC16-16K-5630)
dynamometer for force/torque measurements during testing. The stirring tool was secured
to the machine spindle, and centered with the cavity in the extrusion die to ensure
axisymmetric material deformation. Measuring the temperature of the material during the
process is not possible due to accessibility issues and the fact that the material is
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deforming and flowing around the tool. So in order to get an idea about the level of
heating the material experiences during the process, several thermocouples (spaced
vertically at 10 mm apart) were inserted sideway into the die, to within ~2 mm from the
die inner cavity surface, as further revealed by Figure 6.2.

6.2.2– FSBE Experiments
Testing procedure starts with cutting test specimens (~50 mm long pieces) from
the starting material, AZ31B magnesium alloy, which was received as Φ=19.05 mm
round bars in the as-fabricated condition. A test specimen is inserted into the extrusion
die, and a test is then started by driving the stirring tool against the material until a pre-set
depth is reached; the tool is then retracted. The entire setup is then cooled rapidly in
preparation for the next testing cycle. The stirring tool is re-polished, and the die cavity is
re-honed to ensure repeatability of subsequent tube forming runs. For each test, z-forces,
z-moments, and temperature changes at various locations in the die are all recorded.
Apart from geometry, the two process parameters here are the tool’s rotational speed and
axial feed (z-direction). Several combinations of speed and feed were covered; however
we confine the results (particularly the detailed analysis and results reported in part-II
and part-III) to a rotational speed of 2000 rpm and a feed of 2 mm/s.

6.2.3– Analysis of FSBE Process and Capabilities
Tubes were successfully formed by the above-described FSBE runs, and Figure
6.3 shows an example of those tubes. Though this is not new, since we reported and

132

Chapter 6 – Grain Refinement and Texture Control: FSBE

showed tubes formed by FSBE in two preliminary investigations [74, 134], this study
complements earlier work and provides further validation to FSBE and its capabilities in
regards to:
 Materials: earlier work was focused on 6063 aluminium, while the focus in this work
is given to AZ31 magnesium; this shows the ability of FSBE to form tubes out of
different materials, and the potential for compatibility with other alloys and materials.
 Process conditions: between the preliminary and current work, tubes were formed at
rotational speeds of 1000-2000 rpm, and feeds of 0.5-2 mm/s; expanding the range of
process conditions is undergoing.
 Tube aspect ratios: deeper penetrations were attempted and thus higher tube aspect
ratios (tube length/outer diameter) were achieved. The tube in Figure 6.3, for
instance, corresponds to an aspect ratio of ~6; ratios as high as ~8 were also achieved.
Note that the typical aspect ratio for conventional back extrusion of magnesium alloys
is also ~8 [135]!
 Tube size and wall thickness: beyond the aspect ratio, FSBE is capable of pushing the
stirred material into tubes of various sizes. Figure 6.4 shows three tubes of the same
outer diameter, yet various inner diameters, and thus representing different extrusion
ratios (denoted R). While the smallest tube wall thickness shown here is 2.38 mm,
tubes of smaller thicknesses (down to 1.59 mm) were successfully produced. One
interesting result that Figure 6.4 shows here is an increase in material twisting as the
wall thickness is reduced (please note the stirring marks on the outer surfaces of the
tubes). This was found to have significant implications on the microstructure of the
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material and its mechanical properties (this will be discussed in detail in another
work).

Figure 6.3: A picture and a section view of an example magnesium tube formed by FSBE.

Figure 6.4: Tubes of various sizes (same outer diameter and different inner diameter) produced
by FSBE.
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Beyond these process highlights, the FSBE runs were very repeatable, producing
tubes that show good structural integrity and surface finish. All the sections made for
subsequent testing (Parts-II and III) showed no signs of cracks, voids, channels or any
other indications of imperfections. This is evident from the section shown in Figure 6.3.
No tube eccentricity issues were noted; neither by metrology inspection nor in subsequent
mechanical testing.

Moving from the qualitative to more of the quantitative analysis and evaluation of
FSBE, Figure 6.5 shows a plot of the forces recorded during FSBE for the three tube
sizes. These values are small, and reflect how it was possible for FSBE runs to be
performed using a standard milling machine. In an attempt to provide comparative data,
to further illustrate how high/low these forces are, a 250kN INSTRON 5985 universal
load frame was used to attempt the back extrusion of the as-received material using a
12.7 mm extrusion ram. The material could not be extruded at the machine’s full capacity,
and the test resulted in material fragmentation due to the material’s inability to flow
plastically. So in another attempt, upsetting was carried out on the as-received material
simply to get a sense of the amount of forces needed to deform the material (by
eliminating material flow restriction and the additional friction in back extrusion). The
resulting force curves are shown in Figure 6.6; as noted, these forces are ~6-9 times those
corresponding to FSBE. On the other hand, the figure also includes a picture of a
deformed test specimen, displaying the brittle-like fracture magnesium is known to
exhibit at ambient temperatures. So even if a sufficient force is provided, back extruding
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magnesium at ambient temperatures may not be possible. In fact, for brittle materials,
such as magnesium, producing crack-free structural components by forging or extrusion
operations is only possible if high hydrostatic pressure is exerted on the material during
forming (material stress state should be on the compressive side) [136].

Figure 6.5: Forces recorded during FSBE of magnesium tubes with 19.05 mm outer diameter,
and various extrusion ratios.

136

Chapter 6 – Grain Refinement and Texture Control: FSBE

20 mm

Figure 6.6: Force plots obtained from upsetting (simple compression) of the as-received
material.

Again, a direct comparison between the forces in Figure 6.5 and Figure 6.6 is not
intended here; a comparison between FSBE and cold back extrusion would be more
appropriate, yet it is not possible given the limitations with magnesium. Warm (or hot)
back extrusion would alleviate this issue and provide an alternative. In fact, from a
practical point of view, magnesium can scarcely be extruded without heating; the “ASM
handbook on magnesium and magnesium alloys” instructs that both the workpiece
material and tooling must be both heated to more than 175 ºC (workpiece is to be heated
to higher temperatures) for successful back extrusion [135]. However, to construct an
isothermal warm tube back extrusion setup is beyond the focus of this work; and even if
available, the exact temperature at which the material is deforming during FSBE is
unknown, so a direct comparison between FSBE and warm back extrusion is not
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possible. Therefore, finite element analysis was performed to achieve a comparison
between the forces of FSBE and cold back extrusion.

Cold back extrusion simulations were performed with the finite element package
DEFORM 2D, where the dimensions of the cold back extrusion process (die, punch, and
material) matched that of FSBE for one particular tube geometry (OD=19.05 mm, ID12.7 mm, t=3.18 mm, R=1.8). The material properties used in the simulation was stressstrain results determined from compression testing of the AZ31B as-extruded round bars,
conducted at room temperature and a strain rate of 1x10-3. Several assumptions were
made to simplify the model: (i) the material properties are homogenous, (ii) the workpiece is modeled as a rigid plastic material, (iii) the material is strain rate and temperature
independent, (iv) the die and punch are rigid bodies, (v) friction is constant for all
surfaces at 0.12, and (vi) no fracture criteria was used to allow the material to flow freely.
The die in the simulation was fixed, while the punch was allowed to move vertically
(with no rotation about the vertical axis) into the work-piece at a constant speed of 2
mm/s (same as FSBE).

The results of the cold back extrusion simulation are shown in Figure 6.7. The
deformation grid and corresponding effective strain map are displayed in Figure 6.7a. It
can be seen that high deformation/strain occurs at the work-piece/punch interface with a
maximum strain of ~6 at the radius of the punch. The strain within the wall is near 1,
which is much more than what the material can handle without fracture at room
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temperature. Furthermore, this simulation can give insight into the material flow of the
FSBE process excluding additional deformation/strain induced from the rotation of the
tool. The resultant extrusion force curve of the cold back extrusion simulation is shown in
Figure 6.7b. It can be seen several sections of the force curve, where there is initial
contact and compression to ~100 kN, then from ~100-145 kN the work-piece is
deforming throughout the taper of the tool and, finally, the steady-state deformation
region. The maximum extrusion force was ~150 kN, which is ~10 times that of FSBE
forces conducted at similar tube geometry. Again, this is an idealized simulation by
allowing the material to flow at room temperature to get a hypothetical comparison of the
forces. The forces, however, are not the only processing parameter that should be
considered when comparing between FSBE and worm/hot back extrusion of magnesium
alloys. The power required for heating the material during conventional back extrusion
and the spindle power required during FSBE should also be carefully considered.
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(a)

(b)

Figure 6.7: DEFORM results of simple cold back extrusion (a) showing deformation grid and
effective strain and (b) resultant extrusion force.
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The plots of spindle power during FSBE for the three tube sizes investigated here
are shown in Figure 6.8. For the worst case here, the tube with the thinnest wall, the
average spindle power consumed in forming the tube is ~10 kW; integrating the
power/time curve yields an energy consumption of ~206 kJ. This encompasses all the
energy consumed during the process, except for the energy component associated with
the extrusion z-force. The latter is obtained by integrating the force curve in Figure 6.5
and multiplying by the axial feed, which yields a very small amount that does not even
reach 1 kJ. Therefore, the total energy needed to form the tube via FSBE is ~207 kJ.

Figure 6.8: Spindle power plots recorded during FSBE of magnesium tubes with 19.05 mm
outer diameter, and various extrusion ratios.

So, how does this compare to warm back extrusion? Heating the material alone by
any technique would consume more than 200 kJ. To validate this, resistance heating was
considered here, since it is one of the most direct means to heat the material, and the
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energy consumed during heating can be easily measured. A small magnesium sample
(with a section area of 10 mm2) was heated by passing varied levels of current through it,
while monitoring the temperature at five points along the sample. Temperature plots that
correspond to 350 Amp and 4.2 kW are shown in Figure 6.9; this particular case was
selected since the near-equilibrium temperature for the material is 200-250 ºC, which is
on the low side for warm/hot back extrusion. Over one minute, ~250 kJ is consumed to
heat the material. Comparatively, for the specimens used for the FSBE runs, the cross
section area is ~285 mm2, and thus over 7000 kJ would be needed to heat the material!

Figure 6.9: Temperature measurements at different locations along a magnesium sample
heated by resistance heating.

From a practical perspective, and as mentioned earlier, warm back extrusion
requires heating both tooling and workpiece, the latter likely done in a furnace. The
overall energy intake during the process encompasses: the energy needed to heat the
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furnace itself to equilibrium, energy needed to heat the workpiece, energy dissipated
during transfer of workpiece from furnace to tooling, energy needed to heat extrusion
tooling to equilibrium, energy dissipated from tooling, energy needed to extrude the
workpiece, etc. In summary, two heating systems must be running simultaneously and
continually in a typical warm back extrusion setup, regardless of the production rate.
Significant energy losses are inherent to the process regardless of the heating technique,
and these losses are higher for lower production rates. In comparison, FSBE consumes
energy only during the extrusion stroke; heating and deformation are all confined within
the few seconds it takes to extrude the material and produce the tube. This means no
energy losses between FSBE runs, regardless of their frequency. Nearly all the process
energy is conveyed from the tool directly into the workpiece; this implies more effective
heating that resistive, inductive or convection heating. This can be inferred from the
temperature measurements shown in Figure 6.10; the die reaching temperatures higher
than 250 ºC implies that magnesium reaches much higher temperatures within the
processing zone. Recall that this is done with ~200 kJ, while it takes >7000 kJ to heat the
material to 200-250 ºC by resistive heating. All these factors make FSBE a more energy
efficient approach to forming tubes than conventional warm back extrusion.
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Figure 6.10: Temperature measurements within the FSBE die (as detailed earlier in Figure
6.2) at different locations. Curves shown here correspond to the tube with (OD=19.05 mm,
ID=12.7 mm, R=1.8).

Finally, it should be noted that the ability of the material to flow during FSBE is
driven by the increase in temperature, but it is also theorize that stirring plays an
important role in aiding this deformation through the plasticization of the material. To the
extent that stirring aids the process (over isothermal deformation due to heating only) is
yet to be investigated.

6.3 – Section-II: Evaluation of Microstructure
After forming the tubes by FSBE and evaluating the process and its capabilities,
the attention is directed to the tube material in order to evaluate the changes imposed on it
by the process. Therefore, a detailed microstructural examination, covering grain size and
texture evolution, was carried out by optical microscopy (OM) and electron backscatter
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diffraction (EBSD). The observed sections were prepared along various cross-sections of
the processed tubes to track the evolution of the microstructure at various stages during
FSBE. For optical microscopy, specimens were polished then etched with acetic-picral
(5mL acetic acid, 6g picric acid, 10mL water and 100mL ethanol) to reveal the grain
boundaries; cross-polarization was used to enhance the captured images and further
reveal the grain structure. EBSD was carried out to examine texture evolution, and also
help quantify grain refinement and structure homogenization. High-resolution EBSD
mapping was done on a Hitachi SU-6600 field emission scanning electron microscope
(FE-SEM), with AZtecHKL software. Step sizes ranging between 0.25 μm and 2 μm were
used, depending on the map size and expected grain size level. Prior to EBSD analysis,
specimens were polished and etched with 5% Nital solution (5% nitric acid, 95%
ethanol) to increase the diffraction pattern quality. The EBSD data was post-processed
with HKL CHANNEL5 software. To focus the results, since a large amount of
information is extracted from microstructural examination, all the results presented in this
part are confined to one particular tube geometry (OD=19.05 mm, ID-12.7 mm, t=3.18
mm, R=1.8). The effects of tube geometry on the induced shear strains during friction
stirring in FSBE, and thus the resulting microstructural evolution, are covered in depth in
a different work.
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6.3.1– Base Material
The material used in this work is the AZ31B magnesium alloy, received as
Φ=19.05 mm rods in the F condition. Figure 6.11 shows polarized optical micrographs of
the base material observed from the center to the outer edge, along with three magnified
micrographs of the center, middle and edge of the rod. It can be seen that the
microstructure varies notably across the rod’s section, which is typical for an as-extruded
material. The microstructure was examined by grain size measurements, based on the
equivalent circle diameter, at the three magnified micrograph regions (shown in Figure
6.11). The microstructure was found to be finest close to the outer edge of the rod, with
an average grain size of ~55 µm. The middle region shows a coarse grain structure, with
an average grain size of ~157 µm, with grains exceeding ~250 µm. As for the center
region of the rod, the structure was seen to be highly heterogeneous with grains as fine as
10 μm and as coarse as 300 μm. Further examination of the base material was conducted
by EBSD analysis at the center region and is discussed later with comparison to the
processed material.
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Figure 6.11: Optical micrographs of the Mg AZ31B base material from center (left) to edge
(right) of the as-received rod.

6.3.2– FSBE Microstructure Evolution
To first evaluate the microstructural evolution during processing via FSBE, OM
was conducted at the onset of material flow into the tube wall, near the radius of the
stirring tool, as shown in Figure 6.12a. This OM reveals an overview of the effects of
FSBE on the microstructure throughout various processing regions, such as a distinct
layer at the stirring tool/material interface. This layer represents the stirring zone (SZ)
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with a refined grain structure that is visible under the stirring tool, with a depth of ~1
mm, and persists along the inner surface of the tube wall. The magnified micrograph of
the SZ, shown in Figure 6.12b, depicts a near-homogenous and equi-axed microstructure,
which demonstrates the level of refinement the material undergoes due to processing. The
microstructure directly below the stirring zone exhibits a coarse grain structure, similar to
that of the base material, with a high degree of twinning, portrayed in Figure 6.12d. This
twinning occurs away from the processing zone because of high compressive stresses
imposed during processing. With further processing, this material is forced to flow into
the tube wall. However, examination of this region reveals that the twinned structure
undergoes dynamic recrystallization due to additional deformation and heat imposed
during processing. This thermo-mechanically affected zone (TMAZ), displayed in Figure
6.12c, depicts a heterogeneous structure with elongated coarse grains along the ED mixed
with fine equi-axed grains that occurs adjacent to the stirring zone. These regions, the SZ
and TMAZ seen to occur during FSBE is similar to that seen during friction stir
welding/processing. To further quantify the microstructural and textural evolution during
FSBE within these zones, EBSD was conducted first on the SZ and then the TMAZ.
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C
B
D

Figure 6.12: Optical micrographs observed for the RD-ED plane of (a) corner radius section
and magnified sections of (b) stirring zone, (c) thermo-mechanically affected zone and (d)
highly twinned zone.

6.3.2.1– EBSD: Stirring Zone
Figure 6.13 provides a schematic tube section view displaying six areas of
interest, along with the resultant EBSD color orientation maps of these areas, that was
conducted to provide further quantification of the grain structure and texture evolution.
Location (A) represents the base material before contact with the stirring tool and
locations (B-F) signify the areas where the SZ was analyzed throughout the tube. First of
all, location (B) examines the region, under the stirring tools flat surface, where the
material is in first contact with the stirring tool. To follow, location (C) is evaluated at 0
mm, with reference to the stirring tools flat surface, which is the point where the material
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first flows around the radius of the stirring tool making the tube wall. Location (D) is
then assessed at 5 mm within the tapered region of the stirring tool. And finally, locations
(E) and (F) are measured at 20 and 40 mm, respectively, both of which occurring within
the straight tube wall section. The EBSD maps also displays grain boundary
misorientation in black and grey lines representing angles above and below 10°,
respectively, with a lower limit boundary of 2° to eliminate orientation noise. In addition,
the grain size distributions for the respective areas are displayed as an insert in the bottom
right of the EBSD maps.

For the base material (A), the EBSD map was obtained near the center of the asreceived rod. The structure heterogeneity seen earlier in the OM is also noted here, with a
bimodal grain size distribution with peaks occurring at ~20 μm and ~100 μm. The
average coarse grain size (grains greater than 50 μm) of the base material was measured
to be 114 μm. However, after processing by FSBE, the material under the stirring tool
undergoes considerable grain refinement as shown in Figure 6.13(B). The measured
average grain size of this region is approximately 5 μm, with a narrow grain size
distribution spanning between 0.5 μm and 12 μm. Moreover, this region is comprised of
homogenous and equ-axed grain structure with little to no crystal defects and twinning.
This resultant grain size seen here by FSBE is similar to what has been reported during
FSP of Mg AZ31B. Albakri et al. (2013) reported achieving a minimal grain size of 2.4
μm and a maximum of 6.8 μm, corresponding to a rotational (rpm) / translational (mm s1

) speed of 1000/15 and 2000/9, respectively; from 30-50 μm in the as-received condition
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[137]. In addition, Wang et al. (2006) reported similar results when FSP Mg AZ31B with
an initial average grain size of 75 μm, where after processing the minimal grain size
reached was 2.6 μm (at 800 rpm/1.5 mm s-1) and the maximum grain size was 6.1 μm (at
1400 rpm/0.75 mm s-1) [138]. These results demonstrate the effects of processing
parameters and resultant grain size, where lower rotational speeds and faster translational
speeds results in a temperature reduction within the SZ and, thus, reduced grain growth
(Albakri et al., 2013). Nonetheless, these results confirm what was achieved here by
FSBE, a grain size of 5 μm at 2000 rpm and 2 mm s-1 (axial feed), and what may be
possible with processing parameter optimization.

Apart from grain refinement and structure homogeneity, there is a clear difference
between the base material (A) and the processed material (B) in terms of the
misorientation angles. Large grain boundary angles are dominant in (A), evident by the
black grain boundary lines and the significant color contrast between adjacent grains
(Figure 6.13A). On the contrary, the significant number of grey boundary lines and the
weak color contrast across the grains are suggestive of small grain boundary angles
(Figure 6.13B). As shown in Figure 6.14, the misorientation angle distribution of (A)
displays a near-uniform distribution across all angles between 0º and ~90º; while (B)
showed a distribution confined to 30º, with over 30% of all indexed grain boundary
angles fell below 10º. Suhuddin et al. (2009) observed similar misorientation distribution
behavior during FSSW of AZ31 where the angular range was confined to ~5-30° within
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the SZ [139]. This behavior of the misorientation distribution in this region may be
further explained by the developed texture discussed later.

After establishing these significant microstructural changes due to initial
processing at (B), it is critical to evaluate the stability of the SZ as the material flows into
the tube wall. As a result of heat generation during FSBE, some grain growth is seen to
take place within the SZ as the material flows from (B) to (F), as shown in Figure 6.13.
The average grain size measurements at locations C through F are ~6 μm, ~10 μm, ~13
μm, and ~10 μm, respectively. Nevertheless, the grain structure has fairly good thermal
stability since the grain growth is limited. Thus, the SZ has a stable grain size of around
10-13 μm within the final tube wall, which is a refinement of approximately tenfold with
respect to the base material. It should also be noted that the distribution of grain boundary
misorientation angles at locations (C-F) remained confined to 35º, similar to that of
location (B). On the other hand, the color orientation maps seen in Figure 6.13 indicate an
orientation shift at locations (C-F) as compared to (B). The dominate red color seen for
location (B) demonstrates a strong basal texture where the < 0001 > aligns parallel to
the ED, which changes dramatically to a blue/green color for locations (C-F) that
suggests the < 101̅0 > and/or < 21̅1̅0 > becomes nearly parallel to the ED. This can
further be described by analyzing the respective pole figures for these locations.
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Figure 6.13: EBSD orientation color maps of the material at different locations across the
FSBE tube. Location (A) corresponds to the base material. Note that the scale bars in the
various maps are different, depending on the size of the area of interest.
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(a)

(b)

Figure 6.14: Misorientation angle distribution (A) base material and (B) Stirring Zone.

The (0001) and (101̅0) pole figures, shown in Figure 6.15, are generated from
the EBSD data of the same six locations investigated in Figure 6.13. These pole figures
are plotted normal to the extrusion direction (ED), where the horizontal and vertical axes

154

Chapter 6 – Grain Refinement and Texture Control: FSBE

correspond to the radial direction (RD) and tangential direction (TD) (normal direction
for base material), respectively. It can be seen that the base material (A) displays a typical
extrusion or cylindrical fiber texture, where the 〈0001〉 or c-axis are perpendicular to the
ED, with a max intensity of ~12. The processed material, on the other hand, exhibits
significant textural changes. The pole figures at location (B), under the processing tool,
indicate the formation of an extremely strong basal texture, characterized by 〈0001〉//
𝐸𝐷 or {0001}〈112̅0〉 with a max intensity of ~93. This implies a 90 rotation of the
crystals as they begin to stir under the tool, when compared to the base material with caxis perpendicular to ED. This change can be sensed from the EBSD orientation map
shown earlier in Figure 6.13, where the dominant red color represents the (0001) plane
normal aligning with the ED. As the FSBE process continues, the processed material
moves to the radius of the stirring tool and then starts flowing upwards into the tube wall.
At that location (C), the c-axis is seen to have rotated in the same sense as the material
flow; note that the (0001) plane normal is rotated by approximately 80° from the ED to
the negative RD, which corresponds to the taper on the tip of the stirring tool (~10°). This
indicates that the c-axis of the hexagonal crystals aligns perpendicular to the shearing
planes of the material induced by FSBE processing, thus the c-axis aligns perpendicular
to the stirring tool in these zones. The same applies to location (D) where the material is
still in contact with the tapered tool surface; the pole figures are thus very similar to those
at location (C). As material flows to locations (E and F), the material should not
experience any tangible deformation (neither extrusion nor stirring/shearing); thus no
significant change in the texture is noted.
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Figure 6.15: (0001) and (10-10) pole figures of the material at different locations across the
FSBE tube (shown schematically in Figure 6.13). Location (A) corresponds to the as-received
base material.
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Overall, FSBE is found to impose a first significant change to the texture as a
result of initial stirring under the tool, and then a second (rotational) change as the
material flows around the tool to start forming the tube; changes afterward are
insignificant, which implies a stable texture. As for texture intensity, after the initial spike
in maximum intensity (from ~12 to ~93) due to initial stirring, the intensity drops
gradually along the formed tube (to ~29 at location F); another evidence that slight grain
growth is taking place (as seen earlier in Figure 6.13), and thus softening (without major
changes to) the texture. This can also be sensed from the (101̅0) pole figures, where the
overall intensity gradually decreases from locations (B-F) and develops more of a base
fiber texture. The net effect of FSBE is a fundamental permanent change to the texture
(that is quite different from that of the base material).

6.3.2.2– EBSD: Thermo-Mechanically Affected Zone
To evaluate the thermo-mechanically affected zone and the resultant structure
throughout the thickness of the tube, additional optical micrograph was conducted at
location (F), 40 mm above the flat surface of the stirring tool, shown schematically in
Figure 6.13. The optical micrograph displaying the microstructure within the tube wall is
shown in Figure 6.16, where the micrograph corresponds to a circumferential crosssection. At early glance the grain structure is seen to be non-homogeneous across the tube
wall, and can be characterized by four distinct regions: (i) The stirring zone (F1) is
clearly observed near the tube’s inner wall with a thickness of ~0.6 mm. (ii) This
intermediate ~1 mm thick zone (F2) displays a refined and homogeneous dynamically
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recrystallized grain structure. (iii) This region (F3) displays a heterogeneous grain
structure with large elongated grains along the TD, with fine dynamically recrystallized
grains mixed throughout a thickness of ~1 mm. (iv) This last region, ~0.6 mm in
thickness, close to the tube’s outer surface (F4) also exhibits grains elongated along the
TD, yet more refined when compared to region (iii). Regions (ii) through (iv) are
considered here to be part of the TMAZ, due to the entire tube experiencing deformation
and elevated temperatures during processing by FSBE. However, as noted by the regions
with varying structures signifies that the extent of processing changes throughout. To
further characterize the structure in these four distinct regions EBSD analysis was
conducted, where the locations are represented by the to-scale white boxes overlaid on
the micrograph in Figure 6.16.

The resultant EBSD orientation color maps of the four regions (F1-F4)
throughout the tube’s thickness are shown in Figure 6.16. Region F1 represents the SZ
and is the same region displayed in F in Figure 6.13, shown here for comparison and
complete understanding of the structure evolution throughout the tube’s wall. The
adjacent region, F2, exhibits a fairly equi-axed grain structure with an average grain size
of ~12 μm. This region is expected to be effected greatly by the stirring action during
processing, which induces additional shear strains to promote dynamic recrystallization
of the structure in a homogenous manner. The following region, F3, has an average grain
size of ~14 μm when considering the whole; however, the structure is very heterogeneous
with an average coarse grain size of ~80 μm (grains larger than 50 μm) and a fine grain
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size of ~12 μm on average. These grains are seen to be elongated in the TD, where the
aspect ratios for the coarse and fine grains are 3 and 2, respectively. This elongated grain
structure is not expected to be caused by the stirring action of the tool, rather coarse equiaxed grains from the starting material flow into the tube wall and deform to become
“pancake” shaped. The high frequency of fine grains is due to dynamic recrystallization
of coarse grains during deformation. The ratio of fine to coarse grains is ~41 by count,
whereas a ratio of nearly 1:1 by area. As for the last region, F4, exhibits a relatively fine
structure with an average grain size of ~10 μm. This region of the processed material
corresponds to the finest grain structure observed in the base material with an average
grain size of ~55 μm around the outer edge of the rod. This suggests that grain refinement
occurs throughout the tube’s wall thickness, yet with diminishing effects further form the
stirring tool. The effects from the stirring tool on the tubes structure can be understood
further from the pole figures of these regions.
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Figure 6.16: EBSD orientation color maps for locations F1 through F4, within the tube wall at
40 mm above the stirring tool’s flat surface.

Figure 6.17 displays the (0001) and (101̅0) pole figures determined from the
EBSD data, shown in Figure 6.16, of the four regions throughout the tube wall. Again,
the pole figures of region F1 is within the SZ and is the same as shown in Figure 6.15 at
location F. To recap, the texture within the SZ can be characterized by an approximate
80° rotation of the c-axis from the ED to the negative RD. On the other hand, when
analyzing the TMAZ regions (F2-F4) the maximum intensity of the (0001) pole figures
occurs parallel to the RD (called the RD or {101̅0}〈12̅10〉 component). With further
examining these (0001) pole figures of the TMAZ regions, a second less intense textural
component is seen to occur; however, at varying locations. The F2 region, adjacent to the
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SZ, has a second textural component occurring at 45° from the negative TD to RD. The
second textural component of the following region (F3) occurs at 24° from the negative
TD to RD. As for the last region (F4), close to the tube’s outer surface, displays the
second textural component occurring parallel to the TD (called the TD or {12̅10}〈0001〉
component). This texture of region F4 is similar to that of typical extruded magnesium
alloy tubes using port-hole dies, which develops a two component texture (RD and TD
components) as examined by Jiang et al. (2007) [140]. Furthermore, Jiang et al. (2007)
found that AM30 tubes and similar intensity between the RD and TD components, while
AZ31 tubes had a stronger TD component as compared to the RD (which is opposite to
what is observed here by FSBE). The textural evolution seen here, from the processed
tube’s outer to inner surface, demonstrates the effects of the stirring action on the
structure. When processing by FSBE, the stirring action of the tool rotates the grains that
correspond to the TD component to align with the RD. This suggests improved tensile
ductility in the tube’s extrusion direction, and improved stretch formability along the
tube’s hoop direction; this will be verified by mechanical testing latter in this work.
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Figure 6.17: (0001) and (10-10) pole figures of the material at different locations across the
FSBE tube (shown schematically in Figure 6.16).

6.4 – Section-III: Mechanical Properties and Performance
The impact FSBE was shown to have on the microstructure of the material is
significant; the implications of those changes on the macro-mechanical behavior and
properties of the material are explored and presented here.
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6.4.1– Tensile Testing Setup
The mechanical properties of the FSBE material were evaluated by full-tube
tensile testing. Just like part-II, the focus is directed here to one particular tube geometry
(OD=19.05 mm, ID-12.7 mm, t=3.18 mm, R=1.8). Tubes were prepared by FSBE to have
a minimum prismatic tube length of ~90 mm. Their outer diameter of 19.05 mm was
turned down to create a gauge region of 15.9 mm in diameter, 25 mm in length and a
fillet radius of 12.7 mm, as detailed by the technical drawing in Figure 6.18. The tube’s
inner diameter of 12.7 mm was not altered, thus leaving a wall thickness of ~1.6 mm. The
ends of the tube tensile specimen were threaded as means for gripping and pulling during
testing. In addition to the FSBE tubes, full-tube tensile specimens were machined from
the AZ31B as-extruded round bars to provide a direct comparison with the base material.

The tensile tests were performed on a 5985 INSTRON electromechanical load
frame. ARAMIS 5M digital image correlation (DIC) system was used to measure and
track the evolution of the surface strains during testing. The setup is shown in Figure
6.19; the zoomed-in window shows the tube specimen with the speckle-pattern to
generate the contrast needed for the DIC system. All tensile tests were conducted at room
temperature, and at an initial strain rate of 1x10-3 s-1.
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Figure 6.18: Technical drawing (all dimensions are in [mm]) and picture of full-tube tensile
specimen machined out of an FSBE tube.

Figure 6.19: Full-tube tensile testing setup with a 3D optical strain-field measurement system.
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6.4.2– Results
The obtained true stress-strain curves, for the base material and the FSBE
processed material, are shown in Figure 6.20. The global strain was measured based on a
25 mm virtual gauge extensometer during post-processing of the strain data, as depicted
in Figure 6.21. In terms of strength, the FSBE material shows a slight drop in yield
strength to 177MPa from 211MPa for the base material. Though this seems like an
unfavorable change, the drop in YS is typical for friction stir processed materials. When
considering the ultimate tensile strength, though, the change is favorable. The true
stress/strain curves in Figure 6.20 show that the FSBE tubes exhibit improved tensile
strength at 291MPa compared to the base material at 266MPa. Even in the engineering
sense, the UTS (not shown in Figure 6.20) remained near-constant, with 256MPa and
263MPa for the base material and the FSBE processed material, respectively. These
results compare favorably to those reported in the literature for FSP of magnesium alloys,
where a drop in both yield strength and tensile strength has been reported [141-143]. The
same trend is generally noted for other materials.

In terms of ductility, it is immediately seen from Figure 6.20 that the FSBE
processed tubes exhibit a substantial increase in ductility as compared to the base
material. The total elongation (true fracture strain) of the base material, 0.046, more than
doubles for the FSBE processed tubes, reaching a 0.106 strain. This implies a ~130%
increase in tensile ductility. Note that all values presented here are based on four tensile
tests for each, where great consistency was noted, as evident in the figure.
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Figure 6.20: True stress-strain curves of the Mg AZ31B as-extruded base material and the
FSBE processed tubes.

Figure 6.21: Virtual strain gauge extensometers; 25 mm gauge length (green) used to measure
major global strains, and 8 mm gauge length/width (red) used to calculate r-value.
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The implications of this particular result are great particularly since we are
dealing with a magnesium alloy, a material known for its limited room temperature
ductility. More on this is revealed by examining the deformed specimens shown in Figure
6.22. The base material in (a) exhibits a clear brittle behavior with an abrupt diagonal
(~45º) fracture line. On the contrary, the FSBE tube in (b) shows a ductile-like behavior
with an unusual straight fracture line across the tube. In addition, the tube in (b) shows
significant amount of uniform deformation evident by the apparent stretching in the
speckle pattern along the entire tube specimen; hardly any stretching is noted in the base
material tube specimen in (a). An even closer look is taken by tracking the evolution of
the strain field maps for both cases, obtained by the DIC analysis and shown in Figure
6.23. For the base material, it was noticed that non-homogeneous strain distribution early
on in the deformation, as well as accumulation of plastic strains to form a shear band that
dominates throughout the test, leading to rupture. In comparison, the FSBE tube
specimen shows a substantially-different strain accumulation pattern that is quite
homogeneous and uniform. A direct comparison between the two cases can be made at a
global strain of 0.04 (the last map for (a) and the fifth map in (b)); notice the remarkable
homogeneity in (b). The latter is carried over to later maps, as clearly noted in the map
corresponding to 0.06 global strain. Afterwards, higher strain accumulations (localized
strains) appear to be forming in the middle of the specimen, giving the impression that a
neck is initiated. However, the following maps, at 0.1 global strain in particular, clearly
show that the accumulation of these strains is still stable, thus a neck is not yet formed.
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Only in the last two frames that necking is seen; yet unlike (a), the neck here is diffused,
thus leading to failure in the near-ductile manner noticed earlier in Figure 6.22.

Figure 6.22: Facture in the Mg AZ31B tube prepared (a) from the as-extruded base material
and (b) by FSBE.

Naturally, this increase in ductility is expected to correlate to a significant
increase in strain hardening; the hardening index (n) based on power-law fitting of the
stress-strain curves in Figure 6.20 showed an increase from 0.07 to 0.18 as a result of
FSBE. For (n) to reach 0.18 is a remarkably-high number for a magnesium alloy!
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Figure 6.23: Image series showing the evolution of strain field maps during full-tube tensile
testing of Mg AZ31B tubes prepared (a) from the as-extruded base material and (b) by FSBE.
The x-axis represents the global strains based on a 25 mm gauge length.

Finally, the Lankford coefficient, or the r-value, was considered. With DIC
though, we can track the evolution of the r-value as a function of plastic strain. During
post-analysis of the strain data, two 8 mm virtual strain gauge extensometers were used to
track the evolution of longitudinal and width strains, as shown earlier in Figure 6.21. The
virtual strain extensometers were positioned center over the facture location. This method
is similar to ASTM standard E517-00 where two physical extensometers or gauge marks
are used to measure the longitudinal and width strains. The virtual strain extensometers
used to determine the r-value were chosen to be of similar lengths, attributable to the fact
that different strain gauge definitions may result in dissimilar global strain values, thus
affecting the resultant r-value. The r-value plots for both the base material and that
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produced by FSBE are shown in Figure 6.24, and again, a remarkable impact of FSBE is
revealed. The base material exhibits a near-constant (strain-independent) low r-value that
averages around 0.37; the FSBE material shows a substantial increase in the r-value that
evolves with strain to reach a steady-state value of ~1.15 (~210% improvement). This
improvement, which directly implies a higher resistance to thinning in the FSBE material,
can be directly correlated to the increased tensile ductility discussed earlier and
demonstrated clearly through Figures 6.20, 6.22 and 6.23. But this also implies an
enhanced stretch formability, which in this case corresponds to an enhanced performance
of the FSBE tubes in tube hydroforming and bulging operations. Moreover, the results
point to a reduced anisotropic behavior since the FSBE material exhibits an r-value that is
closer to unity.

Figure 6.24: Evolution of r-value with global strain in the Mg AZ31B as-extruded base
material and FSBE processed material.
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To further evaluate the mechanical properties of the processed material and its
relationship to the developed microstructure, two dog-bone shaped tensile geometries
were tested. The first geometry consists of the full-tube wall thickness (~3.2 mm), as
shown in Figure 6.25a. Whereas the second geometry, displayed in Figure 6.25b, has a
profile cut into the gage section to achieve specimen thickness of ~1.6 mm (similar to the
full-tube tensile specimen). This was done to examine the varying microstructure seen to
occur throughout the tube wall thickness, as described earlier. Therefore, comparison
could be made between the full structure and the highly processed structure. The ~1.6
mm thick tensile specimen’s structure is mainly comprised of regions F1 and F2, as
depicted in Figure 6.16; the regions that experienced the highest degree of processing.
When comparing the true stress-strain curves generated from the two tensile geometries,
a noticeable difference is seen between the YS of the processed material as compared to
the respective base material. For the full-tube wall specimens, the YS were similar at 163
MPa and 169 MPa for the base material and the FSBE processed material, respectively.
On the other hand, for the ~1.6 mm thick tensile specimens the YS of the FSBE
processed material was seen to be reduced from 215 MPa of the base material to 157
MPa, corresponding to a 26% reduction in YS. Furthermore, the percent increase in
ductility was seen to be significantly different, for the two cases; where the full-tube
specimens exhibited a 124% increase in TE as compared to a 228% increase in TE for the
~1.6 mm thick specimens when compared to the respective base material. This difference
in YS and TE for the two tensile geometries shows the effects of highly processed
microstructure on the mechanical properties.
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(a)

(b)

Figure 6.25: True stress-strain curves of the base material and the FSBE processed tubes
machined into dog-bone specimens with (a) half wall thickness and (b) full wall thickness.
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Overall, the results obtained here show favorable changes in the mechanical
properties of the material as a result of undergoing FSBE; comparable if not better
strength, alongside a ductile-like behavior with a substantial improvement in ductility and
stretch formability. All the mechanical properties extracted from tensile testing here are
summarized in Table 6.1.

Table 6.1: Summary of the mechanical results of the FSBE tubes in comparison with the base
material
Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa)

Maximum
True Strength
(MPa)

Fracture Strain
(mm/mm)

n-value

r-value

As-received

211 ± 3

256 ± 2

266 ± 3

0.046 ± 0.005

0.07 ± 0.01

0.37 ± 0.02

FSBE

177 ± 3

263 ± 5

291 ± 7

0.106 ± 0.005

0.18 ± 0.01

1.15 ± 0.04

6.5- Summary and Conclusions for Chapter 6
This work represents a continuation to a preliminary work in which a new
manufacturing approach, referred to as “bulk friction stir forming - BFSF” was
introduced. In the preliminary work, the concept was applied to the back extrusion
process, and “friction stir back extrusion”, or FSBE, was shown to be capable of
producing lightweight tubular specimens, and claimed to have several merits over
conventional processes, including: (i) the process is energy efficient, (ii) produces tubes
with refined microstructures, and thus (iii) produces tubes with favorable mechanical
properties. This work presents a comprehensive study focused on validating these claims
and quantifying the effects of the FSBE process on the microstructure and mechanical
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properties of the deformed material. For FSBE of the Mg AZ31B alloy, the following
was concluded:
(i) The process is not only capable of producing tubes from hard-to-deform materials
without the need of external heating, but rather more energy efficient than other tube
production methods such as warm back extrusion. It was found that heating the
material via resistive heating would consume >7000 kJ, whereas FSBE consumes a
mere ~207 kJ, considering similar material geometry and heating levels. In addition,
the forces necessary for producing FSBE tubes are less than 18kN, for an extrusion
ratio of 2.3; these forces are minute as compared to what would be seen during room
temperature back extrusion.
(ii) Microstructure and texture evolutions were quantified by EBSD analysis at various
locations throughout the tube. The FSBE tubes exhibited significant grain refinement
within the stirring zone with an average grain size of ~5 μm as compared to the base
material of ~114 μm. Dynamic recrystallization was found to take place, yet the
refined grained structure remained stable along the tube walls at 10-13 μm. Texture of
the processed tubes showed a strong basal texture with a maximum intensity of ~93
within the stirring zone where the c-axis aligns perpendicular to the stirring tool. The
intensity was seen to decrease throughout the tube wall to ~29 within the stirring zone
and the c-axis rotated approximately 80° from the ED.
(iii)The mechanical properties of the FSBE processed tubes showed ~16% decrease in
yield strength, ~9% increase in true tensile strength, and a remarkable ~130%
increase in ductility as compared to the base material. Digital image correlation
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revealed that FSBE tubes exhibit a ductile-like behavior whereas the base material
exhibits a clear brittle behavior. These significant changes reflected on a stronger
hardening behaviour in the FSBE tubes, with the hardening index reaching 0.18, and
thus a substantial increase in toughness. Finally, the FSBE tubes showed a significant
increase in stretch formability revealed by over 200% improvement in the r-value,
from ~0.37 to ~1.15 for the base material and FSBE material, respectively.

Though this study was carried out on the Mg AZ31B alloy, the results are not
limited to, but rather allude to the potentials of FSBE and BFSF with other lightweight
materials.
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CHAPTER 7 – REMARKS AND CONTRIBUTIONS

7.1 – Concluding Remarks
Grain refinement was performed on CP-Ti sheets to strengthen the material to
levels similar to that of Ti-6Al-4V. This was achieved through warm accumulative roll
bonding at 450 °C for up to seven cycles. Overall, the tensile strength of the material was
doubled, from 450 to 900 MPa, with the mean grain size refined from ~10 μm to around
~100 nm. These results are comparable to those reported in the literature for ARB
processing of CP-Ti at room temperature. Warm ARB can thus be as effective as cold
ARB in refining/strengthening the material, yet with additional benefits to process
applicability on an industrial scale through reduced flow stresses, reduced rolling mill
size and enhanced sheet bonding.

A novel approach, isolated shear rolling, was developed and validated for texture
control in processing of bulk CP-Ti sheets by inducing intense shear strains into the outer
layers of the sheet stack. This intense shear strain caused a basal texture, where the c-axis
of the HCP crystal is parallel to the ND or thickness of the sheet, as compared to the TD
split basal texture of the as-received material. This texture change directly lead to a
~330% improvement in the r-value of the processed material as compared to the asreceived material. The augmented r-value implies significant improvement in stretch
formability. These results obtained in this study are comparable to those reported in the
literature for DSR processing of CP-Ti and even other material. This technique has the
potential to impact the transportation sector by the possibility of reducing the forming
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temperature and time currently necessary for lightweight materials, significantly
increasing energy savings and production rates.

Friction stir processing was employed in manufacturing of magnesium alloy tubes
to enhance the microstructure and resultant mechanical properties. This manufacturing
approach, friction stir back extrusion, is not only capable of producing tubes from hardto-deform materials, but rather more energy efficient than other tube production methods
such as conventional warm back extrusion. The FSBE tubes exhibited significant grain
refinement and enhanced texture, which resulted in a remarkable increase in ductility and
formability without sacrificing strength. The FSBE tubes showed a significant increase in
stretch formability revealed by over 200% improvement in the r-value and, thus,
implying augmented tube hydroformability. Friction stir processing to manufacture
lightweight tubes, made from magnesium alloys, has the potential to incases the
utilization of these materials in the automotive and aerospace sectors for high strength high formability “tubular space frame” applications.

7.2 – Importance and Contributions
This work advanced the current state of knowledge for accumulative roll bonding,
isolated shear rolling and friction stir back extrusion through a comprehensive testing and
analytical approach, resulting in an enhanced understanding of the structure-property
relationships of the processed materials. The developments in this field are seen to
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advance bulk processing of lightweight materials for industrial-scale applications in the
transportation sector. The specific contributions of this work are:
1.

Warm accumulative rolling bonding has not been investigated on CP-Ti. This
resulted in an effective thermo-mechanical processing technique that is more
practical from an industrial point of view.

2.

Development of a model for predicting the resultant tensile strength of ARB
processed CP-Ti, along with validation of the model through various materials
processed by ARB found in literature.

3.

Characterized the relationship between microstructural evolution and mechanical
properties for elevated temperature ARB processing and post processing thermal
treatments.

4.

Development and validation of isolated shear rolling as an effective means to
control the texture of bulk sheets for increased formability, to replace more
complex approaches such as differential speed rolling.

5.

Characterized the effects of shear deformation on materials with reference to
plane-strain deformation and the as-received state. While most efforts in the
literature focus on the role of either shear deformation or plane-strain
deformation.

6.

Friction stir back extrusion was recently introduced, yet without any details about
the impacts of the process on the microstructure, texture and mechanical
properties; this work revealed all that for one of the hardest materials to deform
(magnesium). The results obtained here will pave the way for investigations on
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other techniques in which friction stirring is hybridized with conventional metal
forming processes (friction stir bulk forming).
7.

Detailed investigation of material deformation through the use of digital image
correlation (DIC). This is the first effort in the literature to use DIC to analyze the
mechanical behavior of materials subjected to different severe plastic deformation
techniques; this resulted in a deeper understanding of the structure-property
relationships of these materials.

7.3– Recommendations for Future Work
The main objective of analyzing the processing techniques conducted in this
research was to determine its effectiveness and the resultant microstructure – mechanical
relationship. However, further enhancement in the microstructure and mechanical
properties can be achieved through process optimization. For example, during FSBE the
processed materials ductility can be further improved my inducing shearing of the entire
tube as seen in Figure 7.1(a) and Figure 7.1(b). This shearing of the tube was achieved by
two methods: (i) reducing friction between the tube and die interface and/or (ii) reducing
tool rotational speed and axial feed. Figure 7.1(a) displays three tubes with varying
degrees of shearing: ~10°, ~27° and ~42°; noted by the markings on the tubes outer
surface. The tube with ~10° of shear was processed as discussed in Chapter 6, where no
lubricant was used between the tube and die interface with a tool rotational speed of 2000
rpm and axial feed of 2 mm/s. As for the tube with ~27° of shearing, boron nitride was
used as a lubricant between the tube and die interface resulting in a reduction in friction
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and, thus, allowing the tube to spin/shear without restrictions. Finally, the tube with ~42°
of shearing was achieved with the use of lubricant and reducing the tool rotational speed
to 1000 rpm and an axial feed of 1.5 mm/s, which caused a lower relative motion
between the tube material and tool to increase shearing. The resultant true stress-strain
curves of the processed tubes with varying degrees of shearing are portrayed in Figure
7.1(b), which shows with increased tube shearing further increases the total elongation to
305% as compared to the base material for the tube with ~42° of shearing. These results
were discovered by trial and error and do not portray the optimized processing conditions
for enhancing the mechanical properties through FSBE.

(a)

(b)

Figure 7.1: (a) Tube shearing of FSBE processed tubes with resultant (b) true stress-strain
curves.
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